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PREFACE TO THE THIRD EDITION. 


The second edition of this book, which was published in 1935 almost 
immediately after the first (which appeared in 1933), has been out of 
print for a long time, but, as I was engaged on other work, I have only 
now been able to start the preparation of a new edition. The warm re- 
ception given to my book and the high distinction with which it was 
favoured made it imperative to treat its reissue with special attention. 
To this was added the circumstance, highly gratifying to me, that soon 
after the appearance of the first editions many papers were published in 
which the methods expounded by me were applied to different concrete 
problems and also substantially amplified and generalized. It is natural 
that the new edition should at least reflect the main results of these 
pajjers as well as some results obtained by me. I have tried to accomplish 
this, but I am afraid that some papers may still have escaped my notice 
for which omission I tender my apologies to their authors. 

The general design of exposition in this edition has remained the 
same as before. However, the text of the book, with the exception of the 
first two and last Parts *, has been thoroughly rewritten and considerably 
enlarged. Two new Parts have been added, namely the fourth and the 
sixth. The contents of the fourth Part are only to a negligible extent taken 
from the preceding edition; in Part VI, results are given which have been 
obtained by me and also by other authors since the publication of the 
preceding edition, ** if no account is taken of the few problems whose 
solution had been given in the previous edition, but by means of other 
methods. 

• However, Chapter 25 has been considerably enlarged and in this way the 
theory of extension and flexure of compound bars has attained an aspect of com- 
pleteness, 

•• A large part of these results were introduced by me into my bocdt "Singular 
Integral Equations" (Moscow-Lcningrad 1946), but now I find that their natural 
place is in the presimt book. They will accordingly be omitted from tlw frdlowing 
edition of "Singular Integral Equations". Here, the exposition of these results 
has been rearranged in order to make it independent of the above-menttened book. 
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Although I do not think it possible or necessary to indicate all the 
changes and additions in the text of the earlier editions, I must draw the 
reader’s attention to the new arrangement of Chapters 14-16 (Chapter 
17 is new). Compared with the previous editions, the results contained in 
these chapters are not new, but the method by which they have been 
obtained has been replaced by a different one which seems to me to be more 
germane to the matter under consideration. However, I should like 
to mention that the new method (which was influenced by the work of 
J. Plemelj on the theory of functions of a complex variable, publisnted 
long before the first edition of my book, but unfortunately unknown l|to 
me at the time) leads to the same calculations as the former metho)^. 
For this reason and also because of the, say, greater complexity of trie 
new method, I am not certain that I acted rightly in introducing this 
change. Be that as it may, a comparison of the new and the old approach 
may prove useful. 

In conclusion, I should like to add that as far as possible I have care- 
fully quoted the authors of any results which I have used, just as I have 
done with regard to some of my own results, at times even of minor im- 
portance and adduced merely as examples. I have followed this pwactice, 
not because I attach exaggerated importance to these results, but only 
to avoid puzzling the reader who might not be acquainted with the 
previous editions of my book and who might have encountered material 
taken from it without clear indication of its original source in some other 
publications (mostly non-Russian). 

To simplify reference, the quoted works have been listed at the end of 
the book in alphabetical order. In references, the author is named and the 
nnmb^ of his publication, according to this list, is given in square brackets. 
The first edition was greatly assisted to its success by the preface of the 
late Academician Alexei Nikolaevich Krylov whose outstanding scientific 
and public merits are well known to all and for j^'hom I shall always 
entertain feelings of profound gratitude and respect. Krylov’s preface 
is reproduced below without any changes. I have not been able to fulfil 
in this edition the wish expressed by Krylov at the end of his preface 
concemii^ the development of numerical methods of solution. While 
realizing the importance of his request, I felt that I would be unable to 
meet it sufficiently well. Nevertheless, Krylov’s wish has been fulfilled 
by other authors, referred to in the text of the book. 


TifKs, November 1948. 


N. Muskhelishvili 
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EXTRACT FROM THE AUTHOR’S PREFACE TO THE 
, FIRST EDITION. 

This book reproduces, in a considerably revised and enlarged form, 
the contents of a course of lectures, delivered by me in Spring 1931 at 
the invitation of the Seismological Institute of the Academy of Sciences 
of the U.S.S.R. before the scientific workers of the Institute, and of 
lectures delivered in 1932 before post-graduate students of the Ph 5 reico- 
Mathematical Institute of Mathematics and Mechanics at the University 
of Leningrad. The lectures were intended for persons acquainted with the 
principles of the theory of elasticity and were to be devoted to separate 
fundamental questions the choice of which was largely left to me; I 
naturally dwelt on subject matter in which I had been working myself. 

Thus, this book deals only with a few chapters of the theory of elasticity 
each of which receives fairly complete treatment. I shall not touch here 
on the subject matter of the book an idea of which may be gained from 
the list of contents, but I consider it necessary to make the following 
comments. 

Seeing that the problems considered in this book may prove of interest 
to a wider circle of people, in particular to those whose work requires 
application of the theory of elasticity, I have tried to make the exposition 
as far as possible intelligible for readers who are only familiar with the 
fundamentals of differential and integral calculus and the elementary 
theory of functions of a complex variable. Thus, for example, problems 
involving integral equations are relegated to separate sections which 
may be passed over without impairing the understanding of the re- 
mainder; Part I which deals with the foundations of the mathematical 
theory of elasticity (it contains even more than is required) is intended for 
readers not specializing in the theory of elasticity. In order to make the 
text more accessible, I refrained from employing tensor calculus which 
I used in my lectures at the Seismological Institute; an elementary 
introduction to tensors is given in Appendix 1. Appendices 2 and 3 are 
devoted to some aspects of elementary mathematics which- are necessary 
for the understanding of the subject matter of the book and which, as sf' 
rule, are insufficiently elucidated in elementary courses on anal 5 ?sis. 


Leningrad, Spring 1933. 


N. Muskhelishviu 
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PREFACE 


pressions; this again helped to reveal mistakes in other papers. The 
establishment of the connection betweeii thermal stresses and multi-valued 
displacements also belongs to l^uskhelishvili. 

All examples in this Part have either been solved by the author for 
the first time or, if solved before, more complicated methods had been 
applied for their solution. j 

Part III belongs entirely to the author in the originality and in the! 
generality of the problems solved in it as well as ^ the originality of the^ 
methods applied. How important this method is may be seen from the \ 
fact that in § 68 (§ 82 of the 3rd edition) the author gives the general \ 
solution of the second fundamental problem for an infinite plate with an • 
elliptic hole on two pages of large print. A particular case of this problem 
was solved by L. Foppl in the Zeitschrift fvir angewandte Mathematik 
und Mechanik, his solution occupying five large pages of small print 
which, if set up in our academic type, would fill about twenty pages; in 
§ 69 (§ 82a of the 3rd edition), an example is solved in a few lines the 
simplest particular case of which agrees with that of Foppl. 

In Part IV, as previously mentioned, all matter relating to non- 
homogeneous bodies, beginning with the very statement of the problem, 
belongs to Muskhelishvili. 

From this short sketch may be seen the rich content as well as the 
variety and importance of the problems covered in this book and the 
originality and generality of the methods applied for their solution. 

There only remains to express the wish that in future editions, which 
without doubt will be required, the author illustrate the general de- 
ductions and formulae by niunerical examples, by diagrams and by 
indications as to the number of ordinates or subdivisions required for 
approximate integration in order to ensure accuracy within, say, i%. He 
will thereby render a great service to engineers and make his excellent 
book more accessible to those people who will apply its deductions to the 
solution of the purely practical problems of the building industry. 


Academician A. Krylov 
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PART I 

FUNDAMENTAL EQUATIONS OF THE MECHANICS OF AN 

ELASTIC BODY 




In this introductory Part the basic concepts of the mathematical theory 
of elasticity will be recapitulated, A deduction of the complete system of 
equations of the mechanics of an elastic isotropic body will be given and 
some fundamental propositions about these equations proved. 

It will be assumed that the reader has some knowledge of the physical 
foundations of the theory of elasticity and little consideration vdll be 
given to this side of the subject, A more detailed account of the physics 
and also of a number of general theoretical and practical problems, not 
treated in this book, may be found in the following text books on the 
theory of elasticity: 

A. E. H. Love [1] (This book, first published in 1892 — 1893, is in many 
respects obsolete, but nevertheless is very useful for the abundance 
of material it offers.) 

P. F. Papkovicz [1] 1939 

L. S. Leibenson [1] 1947 

S. Timoshenko [1, 2] 1914, 1916 

R. Grammel [1] 1928 

P. Burgatti [1] 1931 

I. S. Sokolnikoff [1] 1946 

Further, the following textbooks on theoretical mechanics should 
be mentioned: 

G. Kirchhoff [1] 1897 

A. G. Webster [1] 1904 

These last two books contain a study of the basic theory of elasticity; 
the first of these, although its first edition appeared more than 70 years 
ago, is still of interest at the present time. 

A brief, but rather detailed outline of the historical development of 
the theory of elasticity is given at the beginning of the book by A. E. H. 
hove [1], A very detailed history of the theory up to 1893 with a careful 
analysis of the Afferent papers and books was presented by I. Todhunter 
and K. Pearson [1], 

The first two chapters of this book deal with all types of bodies which 
niay, with sufficient approximation, be called "continuous” (i.e. fluids, 
Gastic and plastic bodies, etc.). It is only at the beginning of the third 
chapter that assumptions are introduced which characterize the (ideal) 
clastic body as sudi. Throughout the first Part orthogonal rectilinear 
coordinates are used. 
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Chapter 1 


ANALYSIS OF STRESS 

§ 1. Body Forces. In the mechanics of continuous bodies a distinction 
is made between two types of forces: 

1 . Body forces, acting on the elements of volume (or mass) of the body; 

2. Stresses, acting on surface elements inside or on the boundary of 
the body. 

In order to explain this distinction in detail, imagine that a volume V 
of arbitrary shape, bounded by the surface S, has been detached from the 
continuous body under consideration. It is seen that the sum of the ex- 
ternal forces acting on V may be conceived as consisting of body forces 
(e.g. gravity) and surface forces (e.g. pressure). 

The body forces will be considered first. They act on the volume 
elements of the body, or actually on the mass contained in these elements. 
Assume that the forces, acting on the infinitely small volume element 

dV, have the form O dV where O is some finite vector ; any point (*, y, z) 

of the element dV may be chosen as point of application of the vector 

The vector O is called a body force, referred to unit volume: If p denotes 
the density at a given point of a body (i.e., the quantity of mass contained 

1 

in a unit volume), the vector — 0 will be the body force per unit mass. 

P 

In the case of gravity forces the vector O is directed vertically down- 
wards and is in magnitude equal to pg, where g is the acceleration due to 

gravity. Speaking generally, the vector O depends on the position of the 
volume element inside the body, or, in other words, on the coordinates 
X, y,z of a. point within the infinitely small volume element. In d 3 mamics 

the vector <I> depends also on the time. 

NOTE. The mathematical statement that a body force, acting on a 
volume element dV, may be represented by a vector <I> dV, applied to 
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some point of the element dV, must be understood in the sense that the 

resultant force vector Y, acting on any finite volume V of the body, 
may be represented by a triple integral, i.e., by 


Y =jJJ i dx dy dz, 


and similarly the resultant moments of these forces about the axes 0;^, 
Oy, Oz of an orthogonal, rectilinear system by 






(yZ — zY)dx dy dz, M, 
r I" 

M, =jU {xY — yX)dx dy dz. 

V 

where X, Y, Z are the components of the vector O. 


xZ) dx dy dz, 


( 1 . 2 ) 


Components of a vector will always be scalar quantities. Many authors, c.g 
Love [1], denote by X, Y, Z the components of body forces, referred to unit mass. 

In that case the components of the vector O will be pA", pY, pZ, where p is the 
density. 


§ 2. Stress. Surface forces act on the elements of the surface S of a 
volume V, detached from a body (cf. § 1). It will be assumed that the force 

acting on the infinitely small surface element dS has the form F dS, 

where F is some finite vector. Any point of the element dS may be assumed 

as the point of application of the vector F. The precise mathematical 
statement of this fact must be understood in the same way as was in- 
dicated in the Note at the end of § 1 with regard to body forces. The 

force F dS will be called the traction exerted on the element dS, and the 

vector F the traction per unit area or the stress. F will often also be called 
the stress vector. 

The traction F dS represents the force acting between the parts of the 
continuous body adjacent to either side of the surface element dS. Thus 

F dS is the force with which the part outside V acts on the part within V ; 
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the force with which the part within V acts on the part lying outside is by 

Newton's third law of motion equal to — F dS. 

In general, any area (i.e., surface element), conceived inside a body, is 
bounded by two parts of the body adjoining 
the area on either side. In order to distinguish 
between these two elements of the body draw 
the normal n to the area in question and give 
it a definite positive direction (Fig. 1). 

The traction, acting on an area, will always 
be understood to he the force which the part lying 
on the positive side of a surface element exerts 
on the part lying on the negative side. (The 
same is of course true for the stresses, i.e., the Fig. 1. 

tractions per unit area.) 

For example, when considering the traction exerted by the sides of 
the surrounding body on jthe surface S of a part V imagined detached from 
the body, one has to use the normal to S which is outward with regard to V. 

As in the case of body forces, the vector F depends on the position of the 
element 5 and (in dynamics) on the time. In addition, it depends on the 
orientation of the area in the body, i.e., on the direction of the normal n. 

Therefore, when it is necessary to point out that the stress F refers to a 

plane with the normal n, this will be indicated by writing F„. The compo- 
nents of this vector will be denoted by X„, y„, Z„. 

§ 3. Components of stress. Dependence of stress on the ori> 
entation of the plane. In order to study the dependence of stress on 
the orientation of the plane to which it refers, select any orthogonal, 
rectilinear system of axes Oxyz. Let M be a given point contained in that 
plane. It will be shown that it is sufficient to know the stresses acting on 
three mutually perpendicular planes passing through M, in order to be 
able to calculate the stress acting on a plane orientated in any direction 
whatsoever (and passing through that point). 

For the above-mentioned three planes select those, which are per- 
pendicular to the coordinate axes Ox, Oy, Oz respectively, and as positive 
directions of the normals to these planes take the positive directions of the 
corresponding axes. 

The following standard notation will be used throughout this book. 
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Denote by X^, Ya,, Z* the components of the stress vector acting on the 
plane normal to Ox\ here the index x indicates .that the plane under 
consideration is normal to Ox. is the normal stress component acting 
on this plane, while Ya,, are the tangential or shear stress components. 
Similarly denote the components of the stress vector acting on the plane 
normal to Oy by X^, Y,, Z„ and the stress components acting on tpe 
plane normal to Oz by X^, Yj, Z*. 

It will be shown that the quantities 

X V 7 

a*> ^ X* ^ x* 

Xy, Y., Z„. (3.l) 

Ya. Za, 

characterize completely the state of stress in the neighbourhood of the 
point considered. Therefore they are called stress components (at a given 
point, at a given instant of time). 

These components are shown in Fig. 2. However, it must not be forgot- 
ten that they are, by definition, scalar quantities. For example, in Fig. 2. 
the actual quantity X^ is not depicted, but rather the vector whose x-wise 
component equals 



Fig. 2. Fig. 3. 


In order to find the relations between the quantities (3.1) and the 

components of the stress vector F„ acting on the plane with the normal 
n, passing through the given point M, consider the following approach. 

Through the point M draw three planes, parallel to the coordinate 
planes, and in addition another plane having the normal n and l 3 dng a 
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distance h from M. These four planes form a tetrahedron, three faces 
of which are parallel to the coordinate planes, while the fourth ABC is 
the face to be considered (Fig. 3). 

Here and in the sequel it will be assumed (unless stated otherwise) that 
the body forces and stresses change continuously with the position of the 
point to which they refer. Further, it will be assumed that they maintain 
equilibrium. This means, by a known principle of statics, that the sum 
of the external forces, acting on the considered tetrahedron, has a resultant 
vector equal to zero. Having in mind the transition to the limit A 0 
the size of the tetrahedron will be assumed infinitely small. 

Consider the projection on the x axis of the resultant vector of all 
external forces acting on the tetrahedron. 

The arguments will be based upon the supposition that the segments 

— — >■ — 

MA, MB, MC have the same directions as the axes Ox, Oy, Oz. The reader 
will easily convince himself that the results will hold true in all other 
cases. 

The projection of the body force equals {X + z)dV, where dV is the 
volume of the tetrahedron. The value X refers to the point M and e is 
an infinitely small quantity (on account of the continuity of X). 

Further, the projection of the tractions, acting on the face ABC, is 
{Xn + e')® where a denotes the area of the triangle ABC and e' is again 
infinitely small ; X„, y„, Z„, as will be remembered, are the components 
of the stress vector acting on the plane through M with normal n. 

Finally, the projection of the external forces acting on MBC, normal 
to Ox, is ( — X,. + ei)CTi where <ii is the area of MBC. Here — X* has been 
taken instead of + X*, since one is dealing with a force acting on an area 
from that side of the body which lies on the negative side of the surface 
element MBC (remembering that, by definition, X^, was to be positive 
when the normal has the same direction as the axis Ox). For the sides 
MCA and MAB one obtains similarly ( — X, + and ( — X* + 
respectively. Here ej, sg and eg denote again infinitesimal quantities. 

Thus, noting that 

d,V — ^ha, ffi = o cos (», x), = a cos («, y), a^ — a cos («, z), 

one has 

(X + + (X„ + s*)o + ( — X* + Ejjcf cos («, x) + 

+ ( — Xv + ej)c cos (», y) + (— X, + € 3)0 cos (», z) = 0. 
Dividing by a and taking the limit h ->0 one obtains the following for- 
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mulae the last two of which have been written by analogy with the first : 

Xn — Xx COS (m, x) + COS («, y) -f- X^ cos (», z), 

Y„ — y* cos {n, x) + y^ cos (n, y) + >y, cos {n, z), (3.2) 

Z„ = Zj, cos {n, x) + Zy cos («, y) + Z* cos («, z). 

I 

The relations (3.2), as well as those to be deduced in § 4, were first found b| 
A. L. Cauchy (1789 — 1857) in a memoir, presented to the Paris Academy in 1822 
the results of this memoir were published in parts in the years 1823 — 1828. 

§ 4. Equations, relating components of stress. It is known from 
elementary theoretical mechanics that the resultant force and moment 
of all external forces, acting on any body in equilibrium, are equal to zero. 
In the case of absolutely ngid bodies (i.e., bodies which do not deform) 
this condition leads to a system of six equations completely specifying 
the state of equilibrium. In the case of a deformable body, however, the 
above condition, when applied to the body as a whole, does not, by any 
means, completely define the state of equilibrium. 

However, in this last case as well, equations may be derived from the 
above condition which (together with a law, expressing the relationship 
between the stresses and deformations, to be discussed later) will give 
all the necessary relations. For this purpose it is necessary to apply the 
above condition not only to the body as a whole, but to each part which 
may be imagined detached from it. 

In the sequel, unless stated otherwise, it will be assumed that the 
components of stress are not only continuous, but also have continuous 
partial derivatives of the first order in the entire region occupied by 
the body. 

Let V be an arbitrary part of the body under consideration (which, by as- 
sumption, is in equilibrium), bounded by a closed surface S. The condition 
of equilibrium will again be expressed by saying that the resultant vector 
of all external forces, acting on V, is zero. 

The projection of the resultant vector of the body forces on the Ox 
axis is equal to 

'XdV, 


V 

and the projection of the resultant vector of the tractions, exerted on the 
surface S, is equal to 

X„dS. 
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Replacing in the last formula X„ by the expression given by (3.2) and 
equating to zero the sum of the projections on the Ox axis of the body 
and surface forces, one obtains 

///w+fAx » cos {n, x) + Xy cos («, y) + X^ cos («, 2 )] dS — 0, 
r s 

where n denotes the outward normal. 

But by Green’s Theorem 

[Xj. cos (w, x) + COS («, y) + Xg cos {n, 2)] dS = 


!!< 


~im 


dXy 8X 

+ -■— + 
dy 8: 




Introducing this expression into the preceding formula one obtains 
finally 

X + )dV=0. 

' 8x 8y 8z J 

r 


Remember now that this equation must hold true for any region V 
in the body. This can only be so, however, if the function under the in- 
tegral signs is zero at each point of the body. Thus one obtains the 
equations 


8x 8y 8z 

8x 8y 8z 

Hi + 5_r.+i£i+^ = o. 

8x 8y 8z 


(4.1) 


These equations, to which reference will often be made, will be called 
equilibrium equations. 

The last step leading to (4.1) is based on the following reasoning. If F(x. y, 2 ) 
is a function continuous in a given region and 




z)dV ^0 


for any part F, contained in that region, then F(^, y, z) ^ 0 in the entire region. 
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In fact, let, for example, F{x, y,z) > 0 at some pcnnt y^, z^). Then, on the basis 
of the continuity of F, one will have around the point {xq, -^'o) some region F, 
where F{x, y, z) > e, c being a positive constant. Hence 

FdV > zV > 0 
which contradicts the original condition. 

Next, use will be made of the condition that the moment of the external j 
forces about the origin of the coordinate system must be zero, or, what is 
the same thing, that the resultant moments about the coordinate axes 
must be zero. 

Writing that the resultant moment about the Ox axis of the body forces 
and stresses acting on the surface S containing the volume V is equal 
to zero, one obtains 

UJ’ (yZ - 2 Y)dV + I'f :yZ„ - zY„)dS = 0. {a) 

But by (3.2) '' 

{yZ„ — zY„)dS = jj {(yZ* — zY,) cos («, x) + 
s 

+ {yZy — zYy) cos («, y) 4- (yZ, — zY^) cos (n, z)} dS, 


or transforming, using Green’s Theorem, 



Introducing this expression into {a) and using (4.1) one finally finds 


{Zy—Y,)dV==Q. 

V 

Since the region V is arbitrary, it follows by the same reasoning used tO’ 
obtain (4.1) that 

y* = z„ z, = x., = (4.2> 

The two last formulae may be obtained from the first by cyclic 
permutation of the symbols (or by applying the above reasoning to the 
axes Oy and Oz). 
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Thus it is seen that in the table of the stress components 

Y, y V (A) 

z. z„ z. 


the terms, symmetrical with respect to the principal diagonal (running 
from the upper left-hand to the lower right-hand comer), are equal in 
pairs; in other words, table (A) is symmetric. Thus only six of the nine 
terms of the table are distinct, i.e., 

y., y, = z,, z„ = x, = y,. 


Hence it may be said that the state of stress at a given point is charac- 
terized by six of the quantities (A). 

The formulae (4.2) may be presented in the form of a proposition. Let 
there be two planes, passing through one and the same point; then the 
projection of the stress, acting on the first plane, on the normal to the second 
plane is equal to the projection of the stress, acting on the second plane, on the 
normal to the first plane. Actually, the formulae (4.2) prove this proposition 
immediately only in the case when the planes are perpendicular to one 
another, (i.e., parallel to two coordinate planes). But it is easy to generalize 
this result to the case of two arbitrary planes and thus to obtain the 
proposition formulated above. 

In fact, let a', p', y' be the direction cosines of the normal «' to the first 
plane, and a", p", y" those of the normal n" to the second plane. Then 


the components of the stress vector F„., acting on the first plane, are by 
(3.2) 

+ X^p' -h x,y', y„. = y,Qc' + y.p' -f- y,y', 

Z„. = Zj^' -j- ZyP' -4- Z*y'. 

Using now the relations (4.2), the projection of this stress on the 
normal to the second plane will be given by 

(F„.)„., -- X,.a" -f y„.p" -4- Z„.y'' = X«a'a" -f y.P'P" 4- Z,y'y" -|- 

-h y,(p'y" -h P"y') + Z.(y'«" - 4 - y'V) -4- X,(ar' + «"P'). (4.3) 
where ( )„-, indicates projection on the direction n". 

It win be seen that the above expression is quite ssrmmetrical in the 
quantities a', p', y' and p", y" and that hence the parts played by the 
two planes may be interchanged; but this proves the proposition. 


NOTE ON NOTATIONS. The notation X^, y* etc., used here for the 
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stress components, was first introduced by F. Neumann (1841) and has 
been widely used, e.g. in books by G. Kirchhoff [1], A. E. H. Love [1], 
S. Timoshenko [1,2] and others. Besides this notation certain others 
have been used, but only the following will be mentioned; 

== Aj., 'Zyy — Y y, Tjj “ Zg, — Xyy = Yf = Zy, 

Tjx '^xz “ A 2 , Txtf = 'Tj/x = Xy = Yjif 

which is as widely used (with one or the other unimportant modification) in 
contemporary literature as the notation used here. It is very convenient 
from many points of view, especially as it agrees with the modern tensor 
notation. In many places one finds o*, a,, written instead of t**, Xyy, 

§ 5. Transformation of coordinates. Invariant quadratic form. 
Stress tensor. Formula (4.3) allows the calculation of the projection in 
any direction of the stress vector, acting on a given plane. In particular, 
this formula may be used to deduce the transformation formulae for the 
transition from one rectangular system of axes Oxyz to another Ox'y'z'. 

Let the direction cosines of the axes of the “new” system Ox'y'z' with 
regard to the axes of the "old” system Oxyz be given by the following 
table: 



1 

X 

y 

z 

x' 


Pi 

Ti 

1 

y' 

“2 

P 2 

i 

i 

I 

z’ 

*3 

Ps 

Ys 


In this table, for example, a^, yi denote the direction cosines of the 
axis Ox' with regard to the old axes, i.e., 

a-i = cos {x', x). Pi = cos {x', y), Yi = cos {x', z). 

.The stress components in the new system of axes will now be denoted 
t>y Ax-, Y'y,. Z'g., Y'y,., Z'^., X'y. uod the formulae will be found which 
express these “new” components in terms of the old A*, Yy, .... A,. 
Formula (4.3) immediately gives the required expression. For examfde, 
for Ax- one obtains ^ 

a; == (Fx-)x- 
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where F„. denotes the stress vector acting on the plane, normal to the 
new axis Ox'. Consequently one has to put in (4.3) 

P' = p" = Pi, Y' = y' = Yi 

which leads to the first of the following formulae, the others being ob- 
tained in an analogous manner: 

X^. = Xx(x\ -f -f ZjYi + 2y,PiYi + 2Z*Yiai + 2X,aiPi, 

Xy' — -^**2 + y»P2 + ^sY 2 + 2y,P2Y2 + 2Za,Y8*2 + 

Z.. — X^o-l -f- YjPI ZjyI + 2yjP3Ys + 2Z*Y3*3 + 

Yg' ~ -^**2*3 + ^l/p2p3 + + ^»(p2Y3 “i" PsYi) + 

+ Z^{y2<H -f Y3a2) + '^'^(aaPa + agPg), (5.1) 
Z^, = + y^paPi -1- Z,Y3 Yi + ^»(P3Ti + P 1Y3) + 

+ -^r(Y3»l + Yi* 3) + ^»(«sPl + “ 1 ^ 3 ). 

X^. = Z,ai«2 -f y,piP2 -f Z,YiY2 + ^.(PiY2 + P2Y1) + . 

+ ■^*(Yi“ 2 + Ya'^i) + + *2Pi)- 

One important result follows from these formulae. Adding the first 
three and using the well-known relations 

4 + 4 + 4 = P? + Pi + Pi = Y? + yI + yI = 1 . 

PiYi + P2Y3 + P 3 Y 3 == Yx*i + Y 2*2 + Ys»3 == aiPx + a 2 p 2 + ^sPs = 0> 
one finds 

+ Yy. d- z; = X* d- y, -b Zg. 

This formula may be interpreted as follows. The expression 

0 = Xjj d" Ty d“ 

is invariant with regard to transformation of {orthogonal, rectilinear) 
coordinates, or, in other words, the sum of the normal stress components, 
acting on three mutually perpendicular planes, does not depend on the 
orientation of these planes. 

Next (3.4) will be used to calculate the normal component of the stress 

F„, acting on a plane with normal n. Let N denote the unknown normal 

component, i.e., N — (F„)„. For N >0, the normal stress will be tensile, 
for N <0, compressive. » ■ ,' ■ 

If a, p, Y are the direction cosines of the noini2d‘Y>K^ea one obtains by 
(3.4) .the simple and important result 

N = d- ^yP® + ^.Y* + 2y.PY d- 2Z,Ya -}- 2X^. (5.2) 
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Introduce the notation 

2Q(t v), Q - + y.T)® + + 2Y,7)Z + + 2X,5yi. (5.3) 


The function Q(^, t), is a homogeneous rational function of the second 
degree in v), C. i-e., in other words, a quadratic form in the variables 


7 ), C It has a very simple geometric meaning. Thus, let P = (5, t), Q 
denote a vector, normal to the considered plane and acting in the same 
direction as the positive normal n. [In general, (^, t), X,) will denote a vector 
with components v), ^ but it may also at times refer to the point with 
coordinates tj, C] Then 


a = 


I 

-p' 



Y 


J’ 


where P is the length of the vector P, and, by (5.2), 

N.P^ = 2Q(?, 7j, Q. (5.4) 

Now the follow'ing will be noted. The quantity N, by definition, has 
physical meaning and hence cannot depend on the particular choice of 
coordinate axes. In the same way the quantity P* (i.e., the square of the 
length of the vector) does not depend on this choice. Consequently the 
quadratic form 0(^, v), X.) cannot depend on it, i.e., it must be invariant 
to transformation of (orthogonal, rectilinear) coordinates. In other 


words, if 7)', X' denote the components of the vector P relative to new 
axes and £1'(^', y)', X') is the quadratic form, involving X', '»)\ C and 
X'x'> > • • • . in the same manner as il(X, y), t^) involves X, ■»). 

Yy, . . . , Xy, then 


i.e.. 


ci'{X'.ri',i') = ii{x. 7), a 


(5.5) 


+ z;;:'® + 2y;Yj'c + 2z;cr + 2j«r;^'Y)' - 
= XX^ + Yyrf^ + Z,x^ + 2Y,riX + 2Zj:X + 2X,^y). (5.5') 
This equality must become an identity, if on the left-hand side one 
substitutes for .. .,Xy. from (5.1) and on the right-hand side expresses 

X, Y), in terms of the new coordinates, using the following formulae known 
from anal 5 ^ic geometry: 

X = + a*Y)' -f- X,X'. 


+ P*V + P3C. (5.6) 

^ == + Y27i' + YsC. 

That this is so, is easily checked directly. For this it is sufficient to in- 
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troduce on the right-hand side of (5.5') the expressions (5.6) and to 
compare the coefficients of t)'®, C*, on both sides. It is 

then seen that one finds for X'., etc. the expressions (5.1). 

Thus, to deduce the formulae (5.1), one may use the above stated rule 
which is very convenient in practice. Namely, it is sufficient to write 
down (5.5'), to transform on the right-hand side (or on the left-hand side, 
if one wants to obtain the transformation formulae from the new to the 
old components of stress) the variables y), into yj', XJ (or yj', XJ 
into Y), J^) and to compare the coefficients of the squares and products 
of Y)', (or Y), q. 

The property of invariance of the quadratic form £2(5, yj, 5) proves that 
the stress components Xa., . . . , Xy are components of a (sjnnmetric) 
tensor of second order which will be called the stress tensor. 

In the main part of this book the reader will not be assumed to be conversant 
with tensor calculus. For the understanding of certain remarks it will be suf- 
ficient to study Appendix 1 at the end of this book. The following will help to eluci- 
date the final paragraph of this section. 

Let there be given a quadratic form 

212(5, K) 4- Tyy>)a -f -f 

where 5, yj, are the components of some (arbitrary) vector and the coefficients 
Tasa;. . . . , Tjry are quantities independent of 5, y), but depending on the direction 
of the axes of the orthogonal rectilinear coordinate system. If, for transition 
from one system of axes to another, the coefficients , Tjpy change in such 

a way that the quadratic form Cl remains invariant, one say^ that the set of 
quantities (involving two subscripts) represents a symmetric second 

order tensor. The quantities etc. are called the components of the tensor. 

In the notation of § 6. — Xg^ etc. (cf. Note at the end of § 4). With regard to 

the definition of non-symmetric tensors of second order see Appendix 1. 

§ 6. Stress Surface. Principal stresses. Consideration of the 
quadratic form U(5, iq, X^, introduced in § 5, admits of a very simple and 
clear geometric representation of the dependence of the stress vector 
on the orientation of the plane to which it refers. This representation is 
concerned with planes, passing through any definite point of a body. 

In order to save space let the origin of the coordinate system coincide 
with the point under consideration. Formula (5.4), viz., 

allows calculation of the normal stress component acting on the plane 

-► 

the normal to which has the direction of the vector P = (5, ij, ; the 
length P of this vector may be fixed quite arbitrarily. 

Theory of Elasticity 


2 
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In the sequel Q(^, >), Q will be assumed to be not identically zero, 
because in that case there are no stresses at the given point. 

Use of an arbitrary length for P will be introduced by putting 
jV . p 2 _ c®, where c is arbitrary, but constant and different from zero 

(note that c® has the dimension of a force). The case has not been 
excluded, when for some orientation of the plane : iV 0. When N -- 0 
it will be assumed that P = oo. 


Thus 




( 6 . 1 ) 


where the sign with will be chosen such that ± and N have the same 
sign (or, in other words, + will be used when dealing with tensile, and 

— when dealing with compressive normal stresses). 

“► — >• 

Let one end of the vector P = OH be at the origin 0 of the coordinate 
system. Then the end vj, Z) of the vector P will lie on the surface 

2fi(5, > 3 , 0 = ± c», (6.2) 

i.e., 

...+ 2X.^7) = ± (6.3) 

The sign on the right-hand side must be chosen in the manner stated above, 
depending on the sign of N. 

The surface (6.2) or (6.3) is obviously a quadric with the centre at the 
origin. It is called the stress surface (stress quadric of Cauchy) referring to 
a given point of the body. It will be seen later that two cases may occur: 
in the one, the sign on the right-hand side of (6.2) or (6.3) remains the 
same for all possible orientations of the planes; in the other, the sign will 
change depending on the orientation of the planes. Thus, in the second 
case, one will, in actual fact, be dealing not with one but with two second 
order surfaces 

2f2 = -f- c* and Til = — c* 

which obviously have a common axis (cf. below). (One may also fix the 
sign of c* once for all and hence always deal with only one surface. But in 
th^ case one has to give consideration to imaginary surfaces.) 

Once the stress surface has been constructed, the normal stress acting 
on a given p^e (passing through the origin of the coordinate system) may 
be found without difficulty; it is sufficient to find the intersection H 
of the normal » to the plane with the surface (6.3). [It will be seen later 
that such an intersection always exists, provided a definite choice has 
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been made for the sign on the right-hand side.] Then the normal stress 
is given by (6.1) with P == | OH |. 

Further, it is likewise easy to obtain the direction of the stress vector, 
acting on the plane. In fact, equation (3.2) may be written 


I 1 dOL 

X. — + XX) = p- 

” p ' “ p dr : ' 


(6.4) 


remembering that cos {n, x) = — etc. 


These formulae show that the vector is parallel to the normal to 
the surface (6.2) at the point H(5, iq, ^). Thus, in order to find the direction 

of Fn, it is sufficient to construct the tangent plane to the stress surface 
at the point H and to draw the perpen- 
dicular to this plane from the origin. The 

vector Fn then lies along this perpendicular 
(Fig. 4). Further, since the projection N 

of Fn on to the normal n to the plane un- 
der consideration is already known, the 

construction of offers no difficulty. 

The vector F„ will have the direction 
of the normal n to the considered plane 
only in the case when the radius vector OH is perpendicular to the 
tangent plane at H, In that case only a normal stress will act on the 
plane, and no shear stress. 

As is known, the radius vector OH will be perpendicular to the tangent 
plane at H only when OH, and hence the normal n to the plane, has the 
direction of one of the principal axes of the surface (6.3) ; in that case the 
plane will coincide with the principal plane, normal to this axis. 

In the general case there are known to be three such principal axes 
which are mutually perpendicular. Only when the stress surface is a 
surface of rotation will there be an infinity of such axes: one of these 
coinciding with the axis of rotation, while all the others are perpendicular 
to it. Finally, if the stress surface is a sphere, each diameter will be a 
principal axis" 


H 



//it* 
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A direction With the property that only a normal stress acts on the 
plane normal to it will be called a principal direction of stress or a principal 
axis of stress, while the corresponding normal stress will be referred to as a 
principal stress. 

As has just been seen, there are always three such directions (and in 
the general case only three) which are mutually perpendicular; in special 
cases there may be infinitely many, of which, however, one may always 
select three perpendicular to one another. 

If one selects the coordinate axes along the three principal axes of 
stress, i.e., along the axes of the surface (6.3), then its equation is known 
to have the form 

+ Niff' + Nf:f - ± c» (6.5) 

(i.e., the products of the coordinates disappear), where JV^, N^, Ng denote 
the values of the quantities X^, ¥„, Z, for the new coordinate axes. 

It is seen from this equation (as likewise on the basis of the definition 
of principal axes of stress) that relative to the new axes the components 
Yf, Z„ Xy become zero, i.e., no shearing stresses act on the planes coin- 
ciding with the coordinate planes. It should again be noted that all the 
time consideration is being given to planes passing through a given point 
(i.e., in the present case the origin of coordinates). In general, when passing 
from one point of the body to another, the principal directions will alter. 

By definition, the quantities N^, N^, N^ are the principal stresses. The 
stress distribution around the point 0 depends on the signs of these quan- 
tities; for the time being they will be assumed to be different from zero. 

First the case will be considered when all the principal stresses are po- 
sitive 

iVi > 0, iVj > 0, iVg > 0. 

In that case one has obviously to take the positive sign on the right-hand 
side of (6.5) which takes the form 

-b Niff + = -f c*. (6.5«) 

The corresponding surface is an ellipsoid. By (6.1) 

4- c* 

\OHf’ 

whence it is seen that the normal stress components acting on iiny plane 
through 0 are tensile. 

Next consider the case when all principal stresses are negative 
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{Ni < 0, iVj < 0, iVg < 0). Then the negative sign has to be taken in (6.5) 
which becomes 

+ iVgV)® + JV 3 I:* = — c». (6.56) 

The stress surface is again an ellipsoid, but the normal stresses are now 
— c® 

given by JV = indicating that, in contrast to the preceding 

I OH p 

case, the stresses on all planes are compressive. 

Finally consider the case when the principal stresses differ in sign, e.g. 

iVi > 0, iVg > 0, iVg < 0. 

Then (6.5) takes the form 

+ iVg7)2 _ I iVj I C* = + c®, (6.5c) 

or 

iVg 1 1 :* = - c». (6.5(«) 


The surface (6.5c) is a hyperboloid of one sheet and the surface (6.5rf) a 

hyperboloid of two sheets. Both surfaces are sepa- 

rated by the common asymptotic cones j’ 2 

- I iVg 1 1 :* = 0 (6.6) '/ 

(see Fig. 5). If the normal to the plane lies outside \\rC* I 
the asymptotic cone, it intersects the surface (6.5c) ; + C?\ '\V I 
hence the normal stress is given by \ \ / 

^ m - 

- -johY ^ 

andit will be tensile. If the normal is inside the cone, / n\ \ . 

it intersects (6.5d), so that the normal stress which / ^ ^ 

is now compressive is given by V 


Finally, if the normal to the plane is directed along 

one of the generators of the asymptotic cone, 1 OH | = 00 and N ^0, 

i.e., the corresponding plane is only subject to shear. 

The case Ni < 0, iV, < 0, iVj > 0 differs from the preceding one only 
in that the regions of tension and compression are interchanged. All 
other cases differ from those considered above in the way that the parts, 
played by the coordinate axes, are interchanged. 

Previously the cases, when one or two of the quantities Ni, A'*, ATj are 
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zero, have been excluded. (When JVi = JVg = ATg = 0, no stress whatsoever 
occurs.) In the case when one of these quantities is zero, the stress surface 
degenerates into a cylinder and the state of stress at that point is then 
called plane. This case will be studied in detail in § 8. When two of the 
quantities Ni, N^, N3 vanish, the stress surface evidently degenerates 
into two parallel planes. 

§ 7. Determination of principal stresses and axes. The problem 
of finding the principal stresses and the corresponding principal axes has 
been seen to be linked with the problem of determining a system of co- 
ordinates for which the quadratic Q(^, t), reduces to its “canonical” 
form 

T his problem is equivalent to finding the principal planes of stress, i.e., 
to reducing the equation to the form 

+ + ±c^. ( 7 . 1 ) 

Its solution may be found in any textbook on Analytic Geometry or 
Higher Algebra. It is likewise given in Appendix I at the end of this 
book. It will be solved in § 8 for the case of plane stress. 

It will be remembered that the values of the coefficients iVj, N^, 
of (7.1), i.e., the values of the principal stre.sses, are given by the roots of 
the third order equation in N (cf . Appendix 1 ) 

X^ — N Xy X, 

■ = _ at* -H 0iV2 + AN -f JS = 0, (7.2) 
Z, Z, Z, — N' 

where 

0 = AT, -f- Y„ 4- Z„ 

A = Yl + Zi-^Xl- y,Z, - Z,X, - X.Y„ (7.3) 
X^ X, X. 

B Y,Y, Y 4 2y,z^, - xXz 

z, Z„ Z, * r V 

Since the roots ATi, ATj, A^j do not depend on the choice of the coordinate 
system, the coefficients of (7.2), i.e., 0, A, B, likewise caimot depend on it. 
In other words, these quantities are invariant with respect to trans- 
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formation of orthogonal rectilinear systems of axes. The invariance of 
the expression 

0 — Xj, + Yy -j- Zg 

has already been proved above by independent reasoning. This result 
is likewise obvious on the basis of the fact that the sum of the roots of 
(7.2) must be equal to 0, from which follows 

N, + N, + N,=:X,+ Y, + Z,. (7.4) 

§ 8. Plane stress. The state of stress of a body is called plane, 
parallel to the plane fl, if, taking for 11 the plane Oxy, one has for all 
points of the body 

X, =. y* == Z, = 0. (8.1) 

Thus there will be only three non-zero components of stress 

X,. y.. X,. 

If (8.1) does not hold true throughout the body, but only at some given 
point, one speaks of a plane state of stress at a given point. 

The formulae (3.2) indicate that the vector components of stress 
acting on any plane, passing through a given point, will in the present 
case be given by: 

Z„ =0, 

X„ = Xx cos (n, x) -j- X* cos («, y), (8.2) 

y„ = y* cos («, x) -f- y, cos («, y). 

It follows from Z„ = 0 that for any orientation of the plane the stress 
acting on it will be parallel to the plane Oxy. 

In the present case the quadratic form 2Q(^, >), i^) becomes 

2n(5, r,) = Xx^a + 2X,^>, + y,7)* (8.3) 

and the equation of the stress surface 

XJ.^ -f 2X,5 y) + = ± c*. (8.4) 

This is a cylindrical surface the intersection of which with the plane 
Oxy is the second order curve (8.4) with the origin as centre. 

Limiting consideration to planes, parallel to Oxy, it is sufficient for 
an investigation, similar to that in § 7, to deal only with the above curve 
instead of with the entire surface. 
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X 

y, 


Now the transformation formulae will be found for the transition from 
the stress components 

to the components 

referring to a new system of axes, obtained from the old system Oxy by 

rotation through an angle a in its own plane.! 
The angle a will be measured from the old\ 
axis Ox to the new Ox' in the positive direc- 
tion of rotation in the plane Oxy (i.e., anti- 
clockwise; see Fig. 6.) 

These transformation formulae may be 
obtained from (5.1), but they will be deduced 
here anew using the property of invariance 
of the quadratic form Q(^, tj) (cf. end of §5). 
Using the known formulae for the transfor- 





Fig. 6. 


mation of a vector (^, v]) into (^', iq'), i.e., 

^ cos a — Tj' sin a, 

7) = sin a -T ■»)' cos a. 


(8.5) 


and introducing them on the right-hand side of 

-f + 2X„^ri 4- y.vj2 (a) 

one obtains 

XX'' + 2XXyi’ + YX' = cos a - 7j' sin a)^ + 

+ 2X^{^' cos a — >}' sin a)(^' sin a -f ■»]' cos a) + Y^{1' sin a -f- yj' cos a)®, 
whence follows by comparison of the coefficients of 5'®, tj'® and S'y)' 

X'^. = X* cos® a -f- sin® a + 2X, sin a cos a, 

y^. = X* sin® a 4- y, cos® oc — 2X„ sin a cos a, (8.6) 

Xj,. = ( — X* -f y,) sin a cos a X,(cos® a — sin® a). 

After obvious transformations these formulae become 

_2r.4-yv , 2r.-y, , , ^ „ 

A,, 1 COS 2a -|- Xy sin 2a, 

V- x*-i-y, x„-y„ ^ ^ 

y V' = 2 — " cos 2a — Xy sm 2a, (8.7) 

Ay. = 


sin 2a -f X, cos 2a. 
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A direct check shows that from (8.7) follows 

x'^ + y; = + y.. 

y; z;. + 2ix;, = (y,-A:, + 2tX,)e**“. 

The first of these formulae has been known for a long time and it was 
proved above for the more general case [cf. (5.2)]. The second, very im- 
portant and convenient formula was stated by J. H. MicheU [3] and it 
was found independently by G. V. Kolosov [1]. 

Introducing in this formula — cos 2a -f * sin 2a and separating 
real and imaginary parts, one obtains expressions for Y'y, — X'^ and 
X'^. in terms of the old stress components. Combining these with the first 
equation of (8.8) one obtains expressions for X'^.., y X'y. which, as is easily 
verified, agree with those given in (8.7). Finally, note yet another formula 
obtained by subtracting the equations (8.8) from each other: 

2(X; - iX'^,) ==X, + Y,— (Y, -X, + 2iXy^' (8.8') 

Returning to (8.7) it will be shown that these formulae offer a very 
simple way of determining the principal axes of stress and the principal 
stresses. In fact, if Ox', Oy' be the unknown principal axes (the third 
principal axis obviously being the axis Oz), then X'^, — 0, whence by 
the last equation of (8.7) 

tan 2a ” . (8.9) 

I « 


Here a denotes the angle, measured in the sense stated earlier, which 
the principal axis Ox' makes with Ox. Formula (8.9) gives two values for 

7C 

a; if one of these is denoted by otj, the second will be oto -f r- All other 


possible values differ from these two by multiples of tc, and obviously « 
may take any of these values. Substituting this value in the first two 
formulae of (8.7) one obtains the principal stresses the first 

formula giving iV, corresponding to the angle a, the second iVg correspond- 
ing to a+|-. 

Next, if one takes for the original coordinate axes the prindpal axes, 
then 


X, =* Ni, y, = N„ X, = 0 
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and the formulae (8.7) become even simpler: 

, Ni N2 N2 -^2 o 

x; ^ cos 2a, 1 ^ cos 2a. 




N2 — N2 


( 8 . 10 ) 


sin 2a. 


These formulae show that the maximum absolute value of the sheaij 
stress is given by 


I max 


N,—N2 


i.e., it is equal to half the absolute value of the difference of the principal 
stresses. This value is attained on two mutually perpendicular planes, 
bisecting the angle between the principal directions Ox, Oy. 

Finally, the formulae will be written down which give Y,, X^, if 
the principal stresses iV^, and the angle a between the principal axis 
corresponding to and the Ox axis are known. They are obtained from 
(8.10) by interchanging the parts played by the old and the new systems 
and by replacing the angle a by — a. In this way 


^1 + ^2 , 


— me Ortf V 


A\ + ^2 — 


\r \r 

X„ == — sin 2a. (8. 1 1) 

The formulae (8.11) are equivalent to the following which likewise 
result directly from (8.8.) : 

a:, + Yv = iVi + iVa. Y„ — X* + 2iX„ = — (ATj — (8. 12) 


NOTE. It is easily seen that the transformation formulae for the 
stress components X,, Y„ Xy into X'^., Y^., X'^., for rotation of the 
system Oxy in its own plane, remain the same as those deduced above, in 
the case of a more general state of stress (and not a plane one), provided 
that the axis Oz is one of the principal axes at the point considered. In 
fact, in that case 

X, = Y* = x; = y; = 0 

there. The identity (5.5') then takes the form 

+ Y,yj 2 + JVai:* = X'^.0 + 2X'„.l\' + 
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because, by assumption, the Oz axis remains unchanged and hence 
C = A^8 denotes the principal stress corresponding to Oz, i.e., 

iv,=z*=z;. 

The earlier equation {a) follows from the preceding relation and the 
transformation formulae could have been deduced from it. 
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ANALYSIS OF STRAIN j 

§ 9. General remarks. The term deformation, when applied to a 
continuous body, will refer to changes in the position of the points of this ' 
body such that their relative distances are altered. 

Refer such a body to an orthogonal coordinate system Oxyz and 
denote by x, y, z the coordinates of a point of the body before deformation 
and by x*,y*, z* the coordinates of the same point afterwards. Let V be 
the region occupied by the body before deformation. Each point of the 
body, occupying before deformation the position [x, y, z) of the region V, 
will afterwards occupy a unique position (**, y*, z*). This is the basic 
assumption of the present chapter. Thus the coordinates x*. y*, z* must 
be definite functions of the coordinates x, y, z of the same point before 
deformation of the body: 

= fi{x, y. z), y* = h{x, y, 2 ), 2 * = f^(x, y, z). (9. 1 ) 

The functions fi, /j will be assumed to be continuous in the region V 
(i.e., the deformation causes no cleavage of the body). The points (**, 
y*t z*), corresponding to the points {x, y, z) of V, cover some region V* 
occupied by the body after deformation. Conversely, it will be assumed 
that the coordinates x, y, z are definite functions of x*, y*, z* [in other 
words, that the equations (9.1) can be solved uniquely for x,y,z] and 
that these functions are likewise continuous for x*.y*, z* in V*. 

From a geometrical point of view the formulae (9.1) represent a certain 
transformation of V into V*. It will be noted that nd| each such trans- 
formation, i.e., not all relations of the form (9.1), repre^fct a deformation 
of the body in the above sense. In fact, if one displaces* the considered 
body as a rigid unit (such a displacement will be called rigid body motion), 
then the coordinates x*, y*, z* of the new positions of the points of the 
body will be definite functions of x,y,z; however, this is not a deformation, 
I.e., a displacement of the points of the body with resfect to each other, 
For the sequel it will be very important, once the equations (9. 1 ) are given, 
to separate the actual deformation from the rigid body motion; in other 


28 



CHAP. 2 


ANALYSIS OF STRAIN 


29 


words, it will be important to find the quantities characterizing deformation 
as such. 

§ 10. Affine Transformation. A transformation of the form (9.1) 
is called affine, if the coordinates x*, y*, z* are linear functions of the 
coordinates x, y, z, i.e., if (9.1) has the form 

X* = {\ + a^)* + aijy + + a, 

y* = + (1 + fl 22 )y + + b, (10.1) 

+ «32y +(l+a3s)^+c, 

where . . .,a,b,c are constants (for reasons, which will become 

clear in the sequel, the diagonal terms have been denoted by 1 + a^, 

1 + *22, 1 -f- Ugg instead of by a^, a^s, ag^). With reference to §9 it must 
be assumed that these equations are soluble with regard to x, y, z, i.e., that 

1 4- a^g 1*13 

D <*21 1 “1“ ^22 ^23 (10.2) 

*31 *32 1 *33 

is different from zero. 

The affine transformation possesses many simple important properties 
of which only the following will be noted. First of all, it is obvious that 
the inverse transformation will be affine, since, solving (10.1) for x, y, z, 
one clearly obtains linear expressions in terms of x*, y*, z*, i.e.. 

« = (1 + + bi^* 4- ftjaZ* + a'. 

i!>2i** + (1 + ^'22)>'* 4- bggz* 4-6', (10.3) 

z = bg^x* 4- bg^* + (1 + 635)2* 4- c', 

where b^, big, 6', c' are constants. 

Further, it is easily shown that points, lying before the transformation 
in some plane 0, will after the transformation lie in some plane II*. 
In fact, let Ax By -{■ Cz -{■ D = 0 be the equation of the plane II. 
Substituting for x, y, z from (10.3) one sees that this equation is trans- 
formed into one which is again linear in x*,y*,z*, i.e., into an equation of 
the form B*y* + C*z* D* — 0 which is, of course, the 

equation of the plane II*. The points which were previously in the 
plane 11 will now lie in the plane 11*. 

It may also be shown that the above, in combination with the property of con- 
tinuity of the transformation (i.c., that points at a finite distance correspond to 
points at a finite distance, and points infinitely close together correspond to points 
infinitely close together), characterizes the transformation, so that every transfor- 
mation with these properties Avill be affine. 
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It follows from the above property that points lying before the trans- 
formation on some straight line A will move to points likewise on a 
straight line A*. In fact, the straight line A may be considered as the 
intersection of some planes IIi, ITj. After the transformation, the points 
of the straight line A, i.e., the points common to the planes 111 and Ilg, 
become points common to two planes 11 f and 11* which are the trans- 
formed planes Hi and IIj, and this proves the assertion. i 

It follows from this that any straight segment is transformed into i 

straight segment, and any vector into a vector. Let the vector P = (^, tj, 1^),\ 
as the result of the transformation, become a vector 

P*- (^*. 13 *, !:*). 

Further, let {x^, y^, 2o) and {x, y, z) be respectively the starting and end 

points of P, so that 

\=-x — x^,-ti = y — y^, X, = z — z^. 

The vector P* will similarly have the components 

= — X*. Ti* ^y* — y*.K* = z* — zt, 

where, for example, by (10.1) 

a;* = (1 -f a^^x + ■+- a^^z -f a, xj = (1 + -f a^Zo -f- a. 

Subtracting these two equations one finds the first of the following 
formulae; the others can be obtained in an analogous manner: 

= (1 4" ^ll)^ + + ^13^* 

7}* = + (1 + + ^23^» 

^*** = "t" ^32^ ^38^* 

The forimilae (10.4) simply express (cf. Appendix 1.2) that the vector 
>3*» is a linear vector function of the vector (5, tj, ZJ). Consequently the 
quantities 1 + a^, ...» or more briefly 4- are components of a 

certain tensor. But since (8^^) is a tensor, then also (a^^) is a ten3or obtained from the 
former by subtraction of the tensor 

It follows directly from (10.4) that two equal vectors (i.e., vectors 
having identical components if), ^) become after transformation two 
equal vectors, and that two parallel vectors become two parallel vectors, 
the ratio of their lengths remaining unchanged. (The ratio of the moduli of 
non-parallel vectors, generally speaking, is altered by the transformation. 
Cf. Appendix 1.2). It follows also from this first property that two iden- 
tical and identically orientated polygons (lying in different parts of space) 
are also transformed into identical and identically orientated polygons. 
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But since every geometric figure may be considered the limit of polygonal 
figures, it follows that the above property is valid for all figures. This 
means that all parts of a body, independent of their position, will deform 
in an identical manner. Therefore, the deformation arising from an affine 
transformation is often called homogeneous. 

NOTE. It will always be assumed that the coordinates are not only 
rectilinear, but also orthogonal. However, all the above will also be true 
for an oblique coordinate system. 

It is almost obvious that the character, i.e., the linearity of the relations 
(10.1) or (10.4) remains unchanged, if one rectilinear systems of co- 
ordinates is replaced by another. This follows directly from the linearity 
of the transformation formulae. 

§ 11. Infinitesimal affine transformation. A transformation of 
the form (10. 1) will be called infinitesimal, if the a, b, c are infinitesimal 
quantities, the squares and products of which may be neglected in' 
comparison with these same quantities. It follows then from (10.1) that 
by this assumption the differences 

x* — x = a^iX -f flijy -I- + a, y* — y = -f + a^z -f b, 

z* — z== «3i* + asay + -f c 

between the coordinates of one and the same point before and after the 
transformation will be infinitesimal quantities. 

Consider the result of two comsecutive infinitesimal transformations. 
Let the first of these be the affine infinitesimal transformation 

** = (1 + *ii)^ + + *18^ + 

y* = ■}■ (1 "h "t” "i" 

z* = a^iX + ^agy -H (1 «33)z -1- c, (ILl) 

and apply to x*,y*, z* another infinitesimal transformation 

AT** = (1+ iii)A* H- Jiay* + b^^* -h a', 

y** = + (1 + ^**)y* + ^83^* "H (1L2) 

63^** + ftsay* +6332* +c'. 

These two infinitesimal transformations transform the point (*, y, z) 
into the point (»*•, y**, 2**). One obtains the relations between the 
coordinates of these points by substituting the expressions (11.1) in 
(11.2). Neglecting pjroducts of the quantities bfj, an, a, b, c one finds 
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without great difficulty 

a;** = (1 + Cii)x + Cijy + C13Z + «' 

L)** = C 21 X + (1 + (^2a)y + ^28^ +6' (11-3) 

+ ^3sy + (1 4“ ^33)'^ 4" 

where 

Cij — 4- btj {i, j — 1 , 2, 3), a' = a 4- b" — b b' .c" — c -\- c' . (11 4) 

These formulae prove that the result of two affine transformations is 
again an affine transformation. This property, as the reader will easil^ 
verify for himself, is true for any affine transformation whatsoever 
(and not only for infinitesimal transformations). 

But the two following properties, deduced directly from (1 1.3) and (11.4), 
are, generally speaking, only true for infinitesimal transformations. They 
are as follows : the resulting transformation does not depend on the order 
in which the two transformations were applied; the coefficients c,-,, 
a", b", c" are the sums of the corresponding coefficients of these trans- 
formations. 

It will be said that the resulting transformation was obtained by 
composition of two transformations. All the above may be directly 
generalized to the case, when an arbitrary number of transformations 
is to be composed. 

§ 12. Decomposition of infinitesimal transformations Into pure 
deformation and rigid body motion. Since in the sequel interest will 
be concentrated on the problem of deformations, one may limit con- 
sideration to the transformation formulae (10.4) for the components of 
a vector. If these formulae are given, i.e., if the quantities a^, . . . , «38 are 
given, the formulae (10.1) for the transformation of the coordinates of 
a point will not actually be completely defined, i.e., the quantities a, b, c 
stiU remain undetermined. But then these quantities obviously do not 
influence the deformations, but only the rigid translatory displacement 
of the body. 

The formulae (10.4) may be written 

85 = 4“ <*12^1 4" <*135> 

Sr) = «jji5 4- «28'*1 4- (12.1) 

K ~ a3i5 4- «82'>1 4- 

where 

85 = 5* — 5, 8t(} = 7)* — •»), — 1 ; (12.2) 
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denote the components of the vector difference P* — P = 8P, i.e., of the 

increment of the vector P, caused by the transformation. 

Next consider what conditions must be satisfied by the quantities 

<*11» *i*» ®is> 

^23> (12.3) 

<*31» *82» ®83* 

which will be called the coefficients of the transformation under consider- 
ation (as stated in § 10 these coefficients represent the components of a 
second order tensor), in order that (12.1) does not involve deformation, 
i.e., that it expresses only rigid body motion. 

A necessary and sufficient condition for this is that the length P of 

any vector P, or what is the same thing, that the square of its modulus 

pa = ^2 + + 1^2 

remains unaltered by the transformation. 

In the following, consideration will be restricted to infinitesimal 
transformations. Calculate the increase SP of the length P. The preceding 
formula together with (21.1) gives, neglecting higher order quantities, 

PSP - 4- -nSv) + X.K = -f a^X,^ -f 

+ («23 + + (<*31 + <*13)^5 + {<*12 + <*2i)^*)- (12.4) 

In order that SP = 0 for all jxjssible values of 5, t), C. it is obviously 
necessary and sufficient that 

<*11 ~ <*22 “ <*33 “ <*23 "i" <*82 ~ <*31 <*18 ~ <*12 <*21 ~ (12.5) 

This is the required condition that the transformation (12.1) represents 
rigid body motion. It may be written briefly as 

<*<i = — <*<i (*> i — 1> 2, 3) (12.5') 

[which expresses the fact that the tensor (a<j) is antis3nnmetric (cf. 
Appendix 1 .2)] ; in fact, for i ^ ? one obtains the second group of the 
formulae (12.5), wlule for i — j one finds an = — a«, i.e., a^ = 0 which 
agrees with the first of the formulae (12.5). 

Thus (12.1) may in the present case be written 

= — nj, S7, = r5 — /.C (12.6) 

where 

p sx a^ss — a^, ^ = ai3 = — a^x, y = a^ = a^j. (12.7) 

Theory of Elasticity ® 
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These are the well-known kinematical formulae expressing rigid (in- 
finitesimal) body motion. The quantities p, q, r, are known to be the 
infinitesimal angles of rotation about the coordinate axes and will be 
called components of rotation. [The set of the quantities (p, q, r) may be 
considered as a vector (cf. Appendix 1 .3) ; in fact, it is the (infinitesimal) 
rotation vector commonly used in kinematics]. The terms which refer to 
the translatory displacement are missing from these formulae, because 
consideration is being given to the components of a vector which is noi 
altered by the translatory displacements. \ 

In order to obtain the formulae of transformation for the coordinates 
of a point, occupying before displacement the position M{x, y, z), it is 
sufficient to apply the preceding formulae to the vector 
> 

M^M == (x — - Xo, y — yo. ^ — •^o). 


where Mq{xq, y^, z^) is an arbitrary, but once and for all fixed point of 
the body. Substituting in (12.6) x — x^, y — y^, z — 2o lor C one 
obtains the well known formulae of kinematics 

Bx = a + q(z — Zg) — r(y — y^, 

Sy = 6 -[- r{x~ Xg) — p{z — Zg), (12.8) 

^z = c + p(y — yo) — q{x — Xg), 

where 

a == 8xo, b = 8yo, c = Szg; 

in other words, the vector (a, b, c) describes the displacement of the 
point (Xq, yo, z^. If one uses the origin of the coordinate system for the 
point Mg, then (12.8) is somewhat simplified; in fact, it becomes 

Sx = a + qz — ry, Sy = 6 -f- rx — bz, 8z — c + py — qx, (12.8') 

where the vector {a, b, c) refers to the displacement of the point which 
before the transformation coincided with the origin. 

Next consider (12.4). It indicates that the change in length of the 

vector P is characterized by the quantities 

^22, <^33, *32 “h *23» ^13 "I" ®81» <*21 “I" **lt» 
for which the following notation will now be introduced: 


*u 


i(**13 "i" <*3l) 


^vv> ®83 — i(<*82 ”)■ *28) ^ 


V* 




i(«2i 4- *12) 




(12.9) 
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Actually, deformation is characterized by variations in the distances 
between points, i.e., by changes of length of vectors; it is determined by 
the six quantities Cyy, c*, which will be called components 

of strain. 

Since the are the components of some second order tensor, the quantities 
ejuj,, . . . , are the components of a symmetric second order tensor, as may be seen 
from Appendix 1.3; a direct proof of this fact will be given below. 

Similarly, the quantities are components of an anti-symmetric second 

order tensor which may be represented by means of the vector {p, q, r) (cf. Appendix 

1 .) 


Further, in agreement with what has just been stated, introduce the 
notation 

p = ^sm)> ? — ^(<*13 *ai)» ^ (12.10) 

In the above notation, obviously, 

*38 “ "i" P> ®13 ~ “1" 9’ ~ 1^, (12 11) 

*83 “ ^vz p! ®31 “ ^18 ~ 

which demonstrates the division of the tensor (a,^) into the sum of S 5 nnme- 
tric and anti-symmetric parts. 

The formulae (12.1) may now be written 

+ Sfcyt] -f- e^^ qX, — ry\, 

St) = -f- eyyi\ -f- Sy^ — pc,, (12.12) 

Si; = -1- + CyX + prt — ql- 

These formulae show that the original affine transformation may be 
divided into two transformations : one of the form 

S^ ~ "i" “b ^xXt 

SkJ = CyX + Cyyfi "f CyX, ( 1 2. 1 3) 

Si; = CfJ, -F -j- e^Xt 

and anotlier of the form (12.6) representing rigid body motion. The 
transformation (12.13) which contains only components of deformation 
will be called actual or pure homogeneous deformation (see later). 

It is characteristic of the formulae (12.13) that the array of coefficients 

Sgg Cyy Cgy 

Syx Cyy Cyy 


w symmetiric. 
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Each of the components of strain has a very simple geometric meaning. 
The latter may be deduced directly from the formula (12.4) which in 
the new notation becomes 

P8P = + 2e„7ji; + (12.4') 

Consider some vector P(5, 0, 0) which before deformation is parallel 
to the Ox axis. For this vector j 

PSP = 1 

or, taking into account that == P®, \ 

SP 

^xx — "pT" (12-14) 

Thus e** represents the relative increase of the vector (or segment), 

originally parallel to the axis Ox. The components c,, and have an 
analogous meaning. 

If all the components of deformation, except are zero and if one 
considers pure deformation, i.e., if 

p = q zxx r = 0, 

then (12.13) gives 

8? = Cxxl. 873 = SC - 0. 

Hence, in this case, aU vectors parallel to the axis Ox are stretched in one 

85 

and the same manner (the proportional increase being = c,*) ; however, 

vectors perpendicular to this axis do not change their direction nor 
their length. Thus this case represents a simple and homogeneous extension 
in the direction Ox. Similar results will be obtained in cases when either 
e^y or are the only non-zero components. 

In order to explain the meaning of one has to determine the 


change of the originally right angle between the two . vectors Pi(0, kji, 0) 

and P2(0, 0, C*) which before deformation were directed along Oy and Oz. 
Let the angle between these vectors after deformation be denoted by 

2 — ( 1 ® - > 0 if the angle decreases and < 0 if it increases). 

By a known formula the cosine of the angle between two vectors 
(85i, + 87)1, SCi) and (85,. Stj,, C, + 8C,) 

is given by 



^Si 8 5 a + (1Q1 + 8731)87}, -|- 8Ci(C, + 8C,) 

+ 8731)* + 851 . V85I + 873* -1- (C, + 85.)* 
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But when e,* is small, 



neglecting infinitely small higher order terms. Omitting higher order 
terms on the right-hand side of the above equation one obtains 






But by (12.12), applying it to Pi(0.%, 0) and P2(0, 0, Cj), 

81^1 = ~t” P^l> > 

introducing these values in the preceding formula one finds 

Syj = 6ty -j- Cyf = (12.15) 

Thus the quantity 2c„s represents the decrease of the angle between 
two vectors having originally the (positive) directions of the axes Oy 
and Oz. Similar interpretations may be found for 2e,« and 2^*,. 

Now consider pure deformation for which all components but are 


equal to zero. Let OB and OC be two vectors, 
starting for simplicity from the origin and di- 
rected along the axes Oy and Oz, and let OBCK 
be a rectangle constructed on these two vectors 
(Fig. 7). After deformation the rectangle be- 
comes the parallelogram OB'C'K' (where it is 
assumed that the origin is not displaced; if this 
assumption does not hold, one may bring the 
origin back to its old position by means of a 
translation). Fig. 7. 

By (12.13) the point B is transformed into 
the point B' on the straight line BK and the point C into C on CK ; 
further, 

BB' = e,y.OB, CC = c„.0C. 

Since, neglecting infinitely small higher order terms. 



BB' 

OB 


/\ CC 

tan BOB' = BOB'. — 

v/w 


/\ 

tan COC' = COC, 


the preceding formulae give 

/\ /\ 
BOB' = COC' == 
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whence one obtains again 


/\ /\ 

BOB' + COC = 2e„. 


If, by means of rigid rotation about Ox, one causes the segment OB' 
to coincide with OB (the difference in their lengths obviously being a 

higher order quantity), the parallelogram 
OB'K'C takes the position OBK''C'' (Fig. 8) 
/\ ' 
and the angle COC is again equal to th^ 

angle e,, (where it has been assumed that 
C lies on the straight line CK, .since obvi* 
ously this will be so, neglecting higher order 
terms). 

Thus the deformation represents a shearing 
of planes, parallel to the plane Oxy in the 
direction of the axis Oy, and the displace- 
ment of each layer is proportional to its 
distance from the plane Oxy. The quantity 
‘absolute shear", and 

CC 



Fig. 8. 


CC measures the 


OC 


tan 


== 2e« 


the relative shear or the angle of shear. The considered deformation is 
called simple (homogeneous) shear. 


§ 13 . The invariant quadratic form, connected with deformation. 

The strain surface, principal axes. Transformation of coordinates. 

The formula (12.4') may be written 

P8P = 2F(S,,j,C), (13.1) 

where now 

2F(5, ^ (13.2) 

a quadratic form in the variables 1. tj, X.. Since the left-hand side 
of (13.1), i.e., PSP, has a definite meaning, independent of the choice of 
coordinate axes, it follows that the quadratic form F{1, tj, Q is invariant 
with regard to transformation of coordinates. In other words, if 
.... ««-*' are the components of strain in a new coordinate system and 

r. fi'. K' are the components of the vector P in the new system, then 

•+-...+ 2e,^ri. (13.3) 
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which becomes an identity in r{, X,', if on the r^ht-hand side X,, i), X, 
are expressed in terms of X,', •»)', X'- This proves that the array of the 
quantities 

^vx ^vx 
^zx ^zx ^zz 

represents a S 3 mimetric second order tensor (cf. end of § 5). In particular, 
as in § 5, it follows that the components of strain in the new coordinate 
system are related to the old ones by the same formulae (5.1) as the new 
components of stress were related to the old ones (one only has to replace 
in those formulae by e,*. Yz by ®tc.). 

Just as in § 6 the stress surface 

2f2(^. n.K) = ±c^ 

was introduced for the study of stresses, one may here consider an 
analogous surface. 

The formula (13.1) may be written 

8P 

= 2¥{X. yj. 0 

or 

P^e=^2F(X„-f^,X). 

SP 

where e = denotes the relative increase of the vector P = ($, tj, X,)- 

As is known, this quantity does not depend on the length of the vector P, 
but only on its direction. Therefore one may for every direction choose 
the length P so that PH — ± c®, where c is an arbitrary fixed positive 
constant which has the dimension of a length. ^ 

If one takes as the starting point of the vector P the origin of the co- 
ordinate system, then the end point H of this vector will lie on the surface 

2F(C. 7}. ?:) = ± c®. or e.^® +...+ 2e,^Xn = ± c® (13.4) 

which is called the strain surface {Cauchy's strain quadric). Once this 
surface has been constructed, one can immediately find the relative 
increase in length e of any vector. For this purpose it is sufficient to 
draw, parallel to the vector, from the origin the semi-axis OH to its 
intersection H with the surface; in order that such a point of intersection 
win exist (i.e., that it is real) it is necessary to choose the sign of c* on the 
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right-hand side in a definite manner. The relative change in length of the 
considered vector will be 


e = ± 


\OH\ 


(13.5) 


All the above is quite analogous to what has been said in § 6 with 
regard to the determination of the normal component of stress N an^ 
therefore it is not necessary to repeat those detadls here. , 

If the coordinate axes are chosen in such a way that they coincide with 
the principal axes of the surface (13.4), its equation takes the fomi 

(13.4') 

where e^, denote the values of e^y, for the new system ; na- 
turally the components Cy,, will zero in that system. Con- 

sequently the new system of axes has the property that the angles between 
the axes after deformation remain right angles. This means, as there are 
always three such mutually perpendicular axes, that the angles between 
them remain unchanged by deformation. Those three axes are called 
principal axes of strain. The quantities e^, e^, are referred to as principal 
strains. 

In the general case there exists only one such .set of three axes. But 
if the surface (13.4) is a surface of revolution (i.e., when two of the quan- 
tities are equal) , there will be an infinity of such sets. 

If one chooses the principal axes of strain as coordinate axes, the 
formulae (12.13), expressing pure deformation, take the form 

Consequently every pure deformation may be represented as the result 
of three simple extensions in three mutually perpendicular directions 
which are the directions of the principal axes of strain. 

Finally note that the principal strains e^, e^, e^ are the roots of a cubic 
equation in e (cf. § 7) 


^xx """ ^ ^xv ^xz 

^VX ^ eyy 

^zx ^zv 


= — c® -f e«2 -f -f c = 0, 


where, in particular, 

6 = e®* + Cyy + Cyy. 


(13.6) 


(13.7) 


Siiw% the coefficients of (13.6) must be invariant (cf. §7), it is clear 
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that 6 must be so. Obviously 0 represents the sum of the roots of (13.6), 
i.e., 

6 = + Cyy + e„ = + ^8- (13.8) 

The quantity 0 has a very simple geometrical meaning. In fact, consider 
a right parallelepiped, constructed on segments OA, OB and OC of the 
principal axes and having the volume 

V =• Ws, 

where 

li = OA, 1^ = 03, l^ = OC. 

After deformation the considered parallelepiped will still be a right 
parallelepiped with sides 

+ ^i)> ^ 2(1 + ^ 2 )* ^ 3(1 4* O* 
and its volume will be 

F' = + ^1) (1 + ^2) (1 + ^3) == ^(1 + + ^2 + ^3)1 

neglecting higher order terms. Consequently 

V'—V 

— — — = + Cj + 63 . (13.9) 

This formula shows that 0 is the relative expansion of the volume V or the 
cubical dilatation. 


§ 14. General deformation. Consider now the most general de- 
formation of a continuous body. Let the point M, having initially the 
coordinates x, y, z, move as a consequence of deformation to the po^ 
sition 


Write 


M*(x*, y*, z*). 

X* — X + u, y* = y + V, z*^z + w; 


(14.1) 


M, V, w are the components of the vector MM* which expresses the 
displacement of the point M as the result of deformation. This vector 
will be called displacement vector or simply displacement, and «, v, w 
displacement components. Since different points of a body, generally 
speaking, will be displaced in a different manner, «, v, w will be functions 
of the coordinates x,y,z of the original position of the point imder 
consideration 

u = u{x. y, z). V = v(x. y, z), w = w{x. y, z). (14.2) 
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(Sometimes the displacement may also be a function of the time; in that 
case one considers the state of deformation at some definite instant of 
time.) 

In the sequel, unless stated otherwise, it will be assumed that the 
functions u, v, w are not only single-valued and continuous, but also that 
they have continuous derivatives up to and including the third order. 

Select at some point M{x, y, z) of the body an infinitely small neigh- 
bouring volume and investigate its changes as a result of deformation. , 
For this it is sufficient to study the variations of infinitesimal vectors ' 
having (before deformation) the point M as their starting point. Let 

iZiv = P = (5, 7j, Z) 

be such a vector. After deformation M will have moved to M*, and N to 
-> -► ^ 

N*, so that the vector P becomes the vector P* = M*N*. Calculate the 

vectorial increment SP of the vector P*, i.e., BP — P* — P. The coor- 
dinates of M* are 

x + u{x,y,z), y + v{x,y,z), z + w{x,y,z), 
while those of N*, having before deformation the coordinates 

x + K, y + 71, ? -h C. 

will be 


X + ^ + u{x + ^, y + 7), z + t^), y + 7^ + v{x + I, y + 71, z + X,), 
z + X + w(x + l,y + Ti, z + X). 

'herefore the components of the vector P* will be 


1 + u{x + l,y + ri,z + X,) — u{x, y. z), 

Y) -f v{x + X,, y + 71, z + X) — v{x, y, z), 

X + «'( a : + K>y + 71, z + X) — tt>{x, y, z). 


Finally, the components 8?, 8y], 81; of the vector 8P will be 
«(* + t y + Yj. ^ -f 0 — u{x, y, z), v{x + l,y + 7i,z + X,)— v(x, y, z). 
Mx+l y + n, z + Q — w(x.y.z). 

But by Taylor’s Theorem 




du du 


du 
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where e is an infinitely small term of higher order than y), X,- Neglecting 
e and proceeding analogously in the case of the other components, one 
finds 


85 = 


K 


Bu 


du 

du „ 

dx 

5 + 

dy 

dz 

dv 


dv 

dv ^ 

dx 

5 + 

4- 

dy 


dw 

dw 

dw 

dx 

By cz 


5: 


(14.3) 


in these formulae the values of --- etc. refer to the point {x, y z) and do 

not depend on tq, These formulae show that, apart from higher order 
terms involving the linear dimensions of the considered body element, 
the change of this element may be expressed by means of an affine 

transformation with the coeffiaents = --- - , a^g = etc. 

cx cy 

Hitherto no limiting assumptions have been introduced with regard 
to the order of smallness of the displacement components u, v, w. It will 
now be assumed {and this condition will always apply) that the components 
of displacement u, v, w and also their derivatives with respect to x, y, z 
are infinitely small quantities the squares and products of which may 
be neglected in comparison with these quantities. Then (14.3) will be 
an infinitesimal transformation and everything said in the preceding 
sections will apply. 

It was seen that pure deformation of the element under consideration 
was expressed by the formulae (§12) 

85 = ^a*5 + 

St) = ^vc5 H" ”1“ 

85 = ^»x5 “f" ^ty^l “b ®et5i 

where . . . , c*, are the strain components, determined by the formulae 


du dv dw 
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Generally speaking, the pure deformation should still be combined 
with the rigid displacement of the considered element with the in- 
finitesimal components of rotation 



and the translatory displacement which is equal to the displacement of 
the point M{x,y, z), i.e., its components will be the values of u, v, w at 
M{x, y, z). 

The essential difference between the present deformation and the 
homogeneous deformation of § 10 arises from the fact that here the 
components of strain c,*, . . . etc. depend on the location of the con- 
sidered body element, i.e., on the coordinates x, y, z. In particular, the 
directions of the principal axes of strain will now change from point 
to point. Similarly, of course, the components of rotation will depend 


on X, y, z. 

Finally, it will be noted that the quantity 

du dv dw 

6 = + ^xz = — (- 

cx cy oz 


(14.7) 


is invariant with regard to transformation of orthogonal coordinates 
and represents the cubical dilatation. But since one is now dealing with 
non-homogeneous deformation, it is of course clear that one can only 
talk of the dilatation of a volume element in the neighbourhood of a 
given point. 

Most of the properties of deformation, studied above, were first deduced 
by Cauchy in his memoir of 1822 (cf. § 3). 


§ 15. Determination of displacements from components of 
strain. Saint-Yenant’s conditions of compatibility. In§ 14 formulae 
have been deduced by which the components of deformation can be 
calculated from the displacement components, given as functions of 
X, y, z. Now the inverse problem will be considered; to determine the com- 
ponents of displacement u, v, w, if the strain components , e*, are 

given as functions of x, y, z. Before solving this problem, several pre- 
liminary remarks will be made which will make it possible to predict 
some properties of the solution. 

The values of the strain components have been seen to determine 
the change in shape of an infinitesimal element of the body near a given 
point. Thus the strain components as functions of x, y, z determine 
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the change in shape of every infinitesimal element of the body. As a 
result it is obvious that the deformation of the body as a whole is ef- 
fectively determined, i.e., the values of the displacements u,v,w as 
functions of x, y, z. It is likewise clear that u, v, w may not be determined 
uniquely. In fact, if displacements, corresponding to given strain com- 
ponents, have been found, then, by adding an arbitrary (infinitesimal) 
displacement of the body as a rigid unit, one will obtain different values 
for the displacements which will still correspond to the same components 
of strain, because the rigid body motion has no effect on the deformation. 
In order to make the problem unique, one may, for example, assume 
in addition that the displacement of any arbitrary point of the body 
and also the components of rotation at this point are given. 

The following may also be noted. By an earlier assumption, the 
components u, v, w are single-valued and have continuous derivatives 
up to and including the third order. Hence the given components of strain 
c**, . ■ . , must likewise be single-valued and have continuous deriva- 
tives of the second order ; this condition will be assumed to be satisfied. 
However, it is easily seen beforehand that the quantities «**, .. 
must still .satisfy definite relations, in order that the problem will have a 
solution. This follows already from the following rough considerations. 
Let an infinitesimal element, e.g. a cube (which is not adjacent to the 
boundary), be separated from the body. If one subjects every such cube 
to a deformation with given components and then tries again to join 
all the infinitesimal parallelepipeds obtained in this way so that their 
boundaries, which were adjoining before deformation, again touch, then, 
generally speaking, this will turn out to be impossible; in the attempt 
of joining the separate elements there may either appear gaps between 
several of them, or boundaries of elements which should match may be 
found to differ from each other in size, or finally some elements may be 
too large for the space available. All this shows that the components 
of strain must satisfy certain relations, in order to allow deformation with- 
out discontinuities. This will now be proved strictly by actually 
solving the originad problem. 

Thus let it be required to find functions «, v, w satisfying the conditions 


dw dv 
By dz 


Bu 

Bv 

dw 

—— — 

Bx 

By 

dz 

Bu 

Bw 



+ 17 = 


— 

dv Bu 




(15.1) 
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where ...,e^y are given single-valued functions of x, y, z having 
continuous second order derivatives. 

One has six equations for the determination of three unknown functions. 
This again .shows that the problem may not have a solution, if the given 
functions e,.^, are not subject to certain additional conditions; 

the.se conditions will be found while solving the above problem. 

Let V be the region originally occupied by the body; this is the domain 
of values of x, y, z for which the functions e, , e^y are given and for, 
which the functions «, v, w must be found. For the present, V will be 
assumed to be simply connected. It will be remembered that a region is 
called simply connected, if it has the following property; every closed 
contour, lying inside the region, may be shrunk into one point by means 
of continuous changes which do not take the contour outside the region. 
Such regions are, for example, represented by a sphere, a cube etc. (for 
more details see Appendix 2.) 

Let M^{x^, y^, Zg) be any point of V, v^, the values of the com- 
ponents of displacement there and p^, q^, the corresponding values of 
the components of rotation. Let y„ Zj) be any other point of V. 

Consider the problem of determining the components of displacement 
at the latter point. 

Let AfoMi denote any curve which joins and and lies in F. If the 
.• 11 . . Sw du du 

partial derivatives --- and -- were known throughout V. one 
could find the value of the function u at the point from the formula 

^ = j (-^dx + ^dy + -^rfz). ( 15 . 2 ) 

where the integral must be taken over the curve Af„Afj. But 

(15.3) 

where p, q, r are determined by the formulae (14 6) 

Hence ^ 


»!--=%+ -f -p e^4z) + f(qdz~ rdy). (a) 

MoMi 

The first integrand involves only given functions. Consider now the 
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second integral. One has 

f(^dz — rdy) = f {rdiy^ 

AfoMi MaMx 

whence, integrating by parts, 


■y) — qd(zx — z)}, 


J {qdz—rdy) = qo{Zi—Zo)—ro{yi—yo)—J {iyi—y)<ir—{zi—z)dq}. (b) 

MqMi 

In order to evaluate the last integral, one requires the values of dr, dq or, 
what is the same thing, the values of the first order partial derivatives of 
the functions r and q. But it may be verified directly that 


-y)dr—{zx—z)dq). (b) 


dr 

0c*, 

0c** 

dr 

0c,, 

0c*, 

dr 

CCyf 

0«** 

dx 

dx 

dy ’ 

dy 

dx 

0y ’ 

dz 

dx 

dy ’ 



0«** 

1 

(S' 

0c,, 

0C„ 


0««ic 

0C„ 

dx 

dz 

~dx ' 

0y 

df 

' dx ’ 

dz 

~'dz' 

dx 


Substituting these expressions in 
ir-f-d.- 


dr . cr ^ dr , 

S'" + ^ 


_ 0o , dq dq . 

dq = -y~dx-\- -^dy + -^ -dz, 

dx dy dz 


one obtains, using {a) and (i), the first of the three formulae below (the 
other two may be obtained from the first by cyclic interchange of symbols) 

«(«i. Vv h) = + qoih — Zo) — »'o(yi — Vo) + 

+ j iU,dx+U,dy+U,dz). 

.Wo-W, 

«(*1. yv h) = I'd + »'o(*i — •*o) — Poih — ^o) + 

+ J {V,dx + V,dy + V,dz). 

yi. Zi) ~ Wo + poiyi — yo) — 9o{*i — *o) + 

+ j {W„dx + W„dy + W^dz), 
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where, for convenience, 


Ux ^xx “f" {Vl 

—y){ 

< Sy 

> 

dx'j 

1 + (^1 

-^)l 

( de„a 

K dz 

3e,„ 

dx' 

U y €xy “f" (yi 

— y){ 

< dy 

dx i 

1+ in 

-^)l 

( de^y 
\ dz 

dCy, 

dx 

Uz = ^xz + (yi 

— y){ 


dCy^ 

1 + (^1 



de„ 

\ dy 

dx ) 

\ dz 

dx 



\ 


The formulae for F*, F», F,and IF*, W^, PF, are obtained from the above 
by cyclic interchange of symbols (by simultaneously transposing the 
symbols U, V, IF and x, y, z). 

The formulae (15.4) essentially agree with those found by V. Volterra 
[1], p. 406, using transformation formulae given by G. Kirchhoff [1], 
Vorles. XXVII, § 4. The deduction presented here is due to E. Cesaro 
(Rendiconti d. R., Academia di Napoli, 1906; it is also quoted in V. Vol- 
terra [1], where it is reproduced on pp. 416 — 417, as due to Cesaro) who 
gave Volterra's formula^ a more symmetrical form. 

The formulae (15.4) determine the displacement components «i, Vj, 
at ^y point My{Xi, y^, Zj) of the body, if the displacement 
(Mo, Wq) and the rotation (/)<,, qo, >'o) ^^e given at some other point 
Mq(xq, j/q, ^^o) which has been chosen once for all. The formulae for the 
displacements contain integrals taken over some curve connecting 
the points and Mj. But w, v, w must be functions of x■^^, yj, z^ and 
should not depend on the path of integration M^M^. This means, in order 
that the problem may have a solution, it is necessary that the integrals 
in (15.4) are independent of the path of integration. 

It is easily seen that the necessary and sufficient conditions for the 
integral 

j{U,dx 4- U,dy + U,dz) 

MaMi 

to be independent of the path are (cf. Appendix ,2.) 

at/, dU, 

^ dz ’ dz dx ’ dx By ' 

For the two other integrals one obtains analogous conditions by cyclic 
rotation of sjnnbols. Tliese conditions must be satisfied at aU points 
(x, y, z) of F and for all values {x^, y^, z^ in that region. 
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Performing the differentiations, it will be seen that these conditions 
may be reduced to the following six: 

dz^ 0 y 2 dydz * dydz dx \ dx dy dz ) * 

, ^^^xx ^ 3 / de^fg dexy 9^»*\ mc z\ 

dx^ dzdx' dzdx^ldy\ 

0 y^ dx^ dxdy * dzdy 3x: \ dz dx 9 y J ' 

For example, the condition 

du^ _ dUg 
dz dy 


gives, by (15,5), 


ivi — y) I 


^ dydz 




d^Cy 

dxdz ) 
= (.Vi 


+ (^i- 






dz^ 


dxdz ) 


dy^ dxdy / 


+ 




9^\ 


0iray 2^/' 


Since these relations must hold true for all y^, Zi in a given region, one 
must have 


d^e^y d^Cyy __ dh,x 3®c„, d^e^y d^Cy, _ 3*^,* 3®e,j 

3y32 3;c3z 3y* ~dx^ ’ dz^ dxdz dz^ dxdy 

These relations agree with the last two of the right-hand column of (15.6).^ 
The others may be obtained by the same procedure. It should be noted 
that the formulae in the second and third row of (15.6) may be deduced 
from those in the first row by cyclic interchange of symbols. 

The equations (15.6) are called conditions of compatibility of Barr6 de 
Saint-Venant (1797 — 1886), since they were first discovered by him 
(in fact, he lectured about them to the Soci6t6 Philomathique in 1860 and 
published the relations in 1861). 

These conditions are the mathematical form of those relations which 
must be satisfied by the components of strain in order that deformation 
may take place without discontinuities (cf. the earlier part of this section), 
and for this reason they are also sometimes called conditions of con- 
tinuity. 

Theory ot Elasticity 


4 
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Provided these conditions are fulfilled, the formulae (15.4) give com- 
pletely defined expressions for u, v, w which do not depend on the choice 
of the path of integration, and it is easily verified directly that dis- 
placements found in this way actually satisfy the equations (15.1). 
Further, the constants 

Mfl’ ^o> Po> 9o> ^0 

remain quite arbitrary, as had been anticipated previously. As can bej 
seen from (12.8), variations in these constants will only cause rigid^ 
displacement of the body as a whole. In particular, if 

Sxx ~ — ... — ^xv ~ ® 

throughout a region, one obtains, putting for simplicity = y„ = Zq = 0 
and omitting the subscripts of x^, y^, z^. 


« = Mo + — roy. = J'o + ^0* — ^0^- w = — q^fc, 


i.e., only rigid body displacement. 

Hitherto it had been as.sumed that the region V was simply-connected. 
Consider now cases of multiply-connected regions, i.e., of regions inside 
which there exist closed contours which cannot be shrunk into one point 
without cutting them apart or taking them outside V. As an example 

for a multiply-connected region 



one may consider a torus, i.e., a 
body obtained by revolving a circle 
about an axis lying in its plane 
but not intersecting it (Fig. 9). 

A multiply-connected body 
becomes a simply-connected one, 
if one introduces suitable cuts 
(for more detail cf. Appendix 2.) ; 
for example, -in the case of 


Fig. 9. 


the tore it is sufficient to cut 


it at one of its meridional circles. 


shown in Fig. 9. Everything said above will a|>ply to the region cut 
in this manner. In fact, provided the compatibility conditions are satisfied, 
the components u,v,w, determined by (15.4), will be single- valued 
functions of the coordinates of the point Mi{xif y^, Zj ) ; in addition, it must, 
of course, be assumed that the path of integration M^Mi does not leave 
the cut region, i.e., that it does not intersect the cut. Further, when con- 
necting the point M.^ to any point of the cut, the quantities u, v, w will, 
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generally speaking, have different values depending on the side from 
which the point on the cut is approached. 

Let «+, 101 + and u~, v~, w~ be the values of u, v, w, when a point on 

the cut is reached from one or the other side respectively. The condition 
of compatibility of deformation for the body as a whole will only be satisfied, 
if in addition to (15.6) the following conditions are satisfied on all 
cuts, introduced in the body to make it simply-connected: 

M+ = u~, = v~, w+ = W-. (15.7) 

When (j5.7) is not satisfied, discontinuities will occur at the above- 
mentioned cuts and even parts of the body may penetrate each other 
in these places. 

It is clear from what has been said that, if (15.7) is not satisfied and if 
the functions u, v, w are still determined by use of (15.4) in uncut regions, 
i.e., if one admits intersection of the cuts by the path of integration, then 
u, V, w will be multi-valued functions of yj, z^, i.e., after travelling once 
around certain closed contours the functions u,v,w will not revert to 
their original values; it is easily seen that this may only happen in the 
case of contours which cannot be shrunk to a point by a continuous process 
(cf. Appendix 2). 

The first to comment on the above was J. ,H. Michell [1]. A. Timpe [1] 
indicated for the case of the plane problem of the theory of elasticity 
the possibility of a phy.sical interpretation of multi-valued displacements. 
For the general case of three dimensional problems the question of the 
meaning of multi-valued displacements was studied in detail by V. Vol- 
terra in a number of publications; a summary of this work has been given 
by him in his paper [1], and a short study of Volterra’s results is alsb 
contained in A. E. H. Love [1] (appendices to chapters VIII and IX) 
and in P. Burgatti [1]. For the case of plane elasticity this problem 
will be studied in detail in Chapter 6. 



Chapter 3 


THE FUNDAMENTAL LAW OF THE THEORY OF ELASTICITY./ 
THE BASIC EQUATIONS. 

Everything said in the previous chapters may be applied to any con- 
tinuous body. In order to obtain equations characterizing a body which 
will be called elastic (or more correctly ideally elastic), it is still necessary 
to have a law expressing the connection between the stressed state of 
the body and the corresponding deformation. 

§ 16 . The fundamental law of the theory of elasticity (Ge- 
neralized Hooke’s Law). The first, very incomplete formulation of 
the law relating stresses to strains was due to Robert Hooke (1635 — 1702). 
In 1660 Hooke discovered this law which has been named after him; 
he published it in the form of an anagram in 1676 and gave the solution 
of the latter in 1678. Expressing the essentials, which Hooke stated in his 
law, in contemporary language one may say: “The deformation of an 
elastic body is proportional to the forces acting on it”. This formulation 
may only be given a definite interpretation in the case when the “force” 
acting on the body and the deformation connected with it can be char- 
acterized by one quantity each. 

For example, if one has a long thin cylindrical rod, stretched by 
longitudinal forces applied to its ends, one may assume that the force 
acting on the body is characterized by the given value F of the applied 
traction and the deformation by the extension A/ of the -cod. In this case 
Hooke’s Law gives A/ = C.F, where C is a constant depending only on 
the original length I, the form of the cros.s-section and the material of the 
rod. Actually, it wiU be shown later that C — IfES, where S is the area 
of the cross-section and £ is a constant depending only on the material 
of the rod. Many similar examples could be quoted here. 

Experiments have verified that Hooke’s Law agrees well with the 
behaviour of many solid bodies, provided the deformations are sufficiently 
small. For finite deformations the law of proportionality fails to give 
even approximately correct results. 
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However, also in the case of small deformations, when the law of pro- 
portionality may be assumed to be valid, Hooke’s Law as introduced 
above may not give the complete picture of what actually takes place 
in the deformed body. Indeed, it has been seen that the state of stress 
and strain is characterized by six quantities each, and that these quantities 
change from one point of the body to another, so that in actual fact one 
is dealing with an infinite number of quantities characterizing the state 
of the body as a whole. 

For example, in the case quoted above "only” the tensile forces F 
acting on the ends of the cylindrical rod have been considered. In actual 
fact, the "force” F expresses only the resultant effect of the external 
stresses applied near the ends of the rod. These stresses may be distributed 
in any manner whatsoever, for example they may be spread over the 
end-sections or over parts of the side surface in the neighbourhood of the 
ends; the distribution may be uniform or non-uniform, etc. 

It is clear that the distribution of stresses and strains inside the rod 
depends largely on the distribution of those external stresses. It is only 
in the case, when the dimensions of the cross-section of the rod are small 
compared with its length, that the manner in which the external forces 
are distributed near the ends has no great effect on the state of the 
rod (and then only in parts away from the ends). Under these circum- 
stances consideration may be limited to the resultant "force” F (cf. 
also § 23). 

Thus it is obvious that, if one does not want to limit oneself to a 
crude and superficial investigation, one has to generalize Hooke’s Law. 
The most natural generalization of a law of simple proportionality of 
two quantities will be a law of linear dependence between several quanti- 
ties. Hence consider as the generalization of the original law the following 
fundamental law of the theory of elasticity or generalized Hooke's Law. 

The components of stress at a given point of a body are linear and ho- 
mogeneous functions of the components of strain at the same point {and vice 
versa). 

Of course the above statement refers to small deformations. (As regards 
the limits of applicability of Hooke’s Law, cf., for example, R. Grara- 
mel [1]). The generalized Hooke’s Law in this form was first stated by 
A. L. Cauchy in his memoir of 1822. In subsequent work, published in 
1828, Cauchy deduced this law, basing it on molecular theory, under 
a simple supposition referring to the interaction of forces between molecules 
considered as material points. The same result was obtained by S. D. Pois- 
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son (1781 — 1840) by an analogous method in a memoir delivered to the 
Paris Academy in 1828 and published in 1829. 

It is not proposed to present here the deduction due to Cauchy and 
Poisson, the more so because it has been found to be insufficient (cf. 
below), but the generalized Hooke’s Law will be accepted as the foun- 
dation of the present theory, based on the fact that for small deformations 
this law agrees sufficiently well with reality for very many materials. 

Before going further the following remark should be made. Since' 
generally stresses and strains are different in different parts of a body, 
it is only possible to discuss their components at a given point. 
However, the expression “at a given point” will be interpreted in a dif- 
ferent manner according to whether it is applied to components of 
strain or stress. For example, when stating that e^x is a function of the 
coordinates x, y, z, this will always refer to the position {x, y, z) of the 
point before deformation. The same will be true with regard to the com- 
ponents of displacement u, v, w. On the other hand, when it is said that 
Xx is a function of x, y, z, this will refer to the position {x, y, z) of the point 
in the final (i.e., stressed and hence deformed) state of the body. 

However, for the small deformations considered here this distinction is 
not essential, since, for example, the values of Xx at (x^, y^, z-^ and (x, y, z), 
where (x, y, z) is the position of the p)oint (xj, yj, Zj) before deformation, 
differ by an amount which is small compared with A,. Thus the value 
of Xx at a given point (Xj, y^, z^) of the deformed body may be replaced by 
its value at (x, y, z). In the sequel the values of all functions considered 
will be taken at (geometric) points representing the original positions of 
the points of the deformed body. 

Now consider the generalization of Hooke’s Law. It may be written in 
the following manner. If Xx, Y^, Z*, Y,, Z*, A, are the components of 
stress at a given point of the body and e^y, c**, e^x, the compo- 
nents of strain, then 

Xx — Ci^exx + 

Yy = c^i^xx ■+■ • 

— ^ai^xx "f" • 

Yx — c^^exx ”t“ • 

— ^Sl^xx “h • 

~ ^ei^aex T" • 

Since on the basis of the adopted fundamental law the components 
of strain must likewise be definite linear functions of the components of 


+ Caaexy, 
“h ^56^ Of If > 
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stress, the preceding equations must be soluble with respect to e^x, . . . , 
Bxy, i.e., the determinant of the coefficients must be different from 
zero. 

The quantities c,-, are constants characterizing the elastic properties 
of the body at a given point. They are called elastic constants. The term 
“constant” must be understood in the sense that these quantities do not 
depend on the values of the components of strain and the corresponding 
stresses at a given point.. However, they may vary from point to point of 
the body. If that is so, the body will be said to be non-homogeneous (as 
regards its elastic properties). On the other hand, if the elastic constants 
are the same for all points of the body, it will be called homogeneous. 

The formulae (16.1) are seen to contain 36 elastic constants. But by 
considerations based on the law of conservation of energy and on a study 
of the potential energy of deformation, it may be shown that the following 
relations must hold between these constants; 

Cii = Cii (i,j = 1,2, ..., 6), 

i.e., that the array of coefficients in (16.1) is symmetric. Thus in the 
most general case the number of elastic constants may be reduced to 21. 
Application of these considerations and deduction of the stated result 
was first given by G. Green in 1837 whose paper on the subject was 
published in 1839. A more complete foundation for this result, based upon 
the first and second law of thermod 5 mamics, was presented by Lord 
Kelvin (W. Thomson) in 1855. (For more detail see A. E. H. Love [1]). 

It will be seen in the next section that in the case of the isotropic 
body the number of elastic constants may be reduced to two. 

By the old theory of Cauchy, based on the consideration of molecular 
forces, the number of elastic constants in the most general case is equal 
to 15, and not 21 ; in the case of the isotropic body one has by this theory 
only one elastic constant (in the first of his memoirs, where Cauchy 
did not rely on molecular theory, he obtained two constants for the iso- 
tropic body). Poisson arrived at the same results. However, this was not 
confirmed by experiments. But it should not be thought that the mole- 
cular theory led to the wrong results and that it is impossible to obtain 
from it the correct number of constants. The point is only that Cauchy 
and Poisson applied molecular theory in an oversimplified form. Using 
modem concepts of the structure of materials one can obtain the correct 
result, i.e., 21 constants. This has been done recently by M. Bom [1] 
(cf. also A. E. H. Love [1], Note B at the end of his book). 
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It is not proposed to give here further details of these problems, since 
in the sequel only isotrofA: bodies wiU be considered. In that case definite 
formulae may be deduced by means of very simple considerations. 

§ 17. Isotropic bodies. As mentioned earlier a body will be called 
isotropic, if its properties are the same in all directions. In other words, 
if one cuts a volume element of a definite shape (say a cube) from ai^ 
isotropic body, this element will not differ from any other element of thd 
same form (cut from the same part of the body) but orientated differently) 
from the first. For example, wood is not isotropic, since a beam cut in the \ 
longitudinal direction (along the fibres) differs very much from a beam \ 
cut across the grain. Likewise all crystalline bodies are anisotropic. In 
nature there are no ideally isotropic bodies, but many materials, important 
in industry, may with sufficient approximation be assumed to be isotropic. 
Many such materials (e.g. metals) consist of small anisotropic parts 
(crystals) arbitrarily placed with respect to each other. It is this random 
distribution which is the reason that bodies of not too small dimensions 
made from these materials may be considered to be isotropic. 

A body will not only be called isotropic, but also homogeneous, if 
the properties of volume elements cut from different parts of it are the 
same. It should still be noted that a body which is isotropic and homo- 
geneous with regard to one property may be anisotropic or non-homo- 
geneous with regard to others. 

In the following only isotropic and homogeneous bodies will be considered, 
where it must be understood that this isotropy and homogeneity refers 
only to its elastic behaviour. 

In mathematical language this fact may obviously be expressed in 
the following manner; the coefficients %, . . ., Cg, in (16.1) do not depend 
on the orientation of the coordinate axes with respect to the body nor on the 
position of the point under consideration in the body. Owing to this property 
the above-mentioned formulae take a very simple form, as will now be 
shown. 

First of all it is easily proved that at every point of an isotropic body the 
principal axes of strain and stress coincide. In fact, let the principal axes 
of strain at a given point lie along the coordinate axes. Then 

By the generalized Hooke's Law one has, in particular, 

Y, == Ae,,, -f- Beyy -f Ce„, {a) 
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where A,B,C are constants. Introduce now a new coordinate system 
Ox'y'z', obtained from the old system by a simjde rotation of 180° about 
the axis Oz. The axis Oz' of the new system will coincide with Oz, while 
Ox', Oy' will be in the opposite directions to Ox, Oy. Since the coefficients 
A, B, C are not to depend on the choice of axes, one will fiave in the new 
system 

Yg. = Ae^-m’ + Bcg-y, -|- Cc,.,. . (b) 

But obviously 

~ ^xxt ^y'y’ ~ ^yyi ~ ~ Y g. 

Comparing (a) with (6) one sees that one must have 


and hence 


Ae,gg Beyy Ccgg Ae„ Be„ 
^ B = C = 0. 




But this means that Y* = 0. In the same way it can be proved that 

Zg = Xy== 0. 


However, this shows that the coordinate axes are principal axes of 
.stress and the above statement is proved. Thus, in future, it will be un- 
necessary to distinguish between principal axes of strain and stress; 
they will simply be called principal axes. 

Let it still be assumed that the coordinate axes coincide with the prin- 
cipal axes. By the generalized Hooke’s Law one may, in particular, write 

Xx a^xx "i" b^yy + 


where a, b, c are constants. Let Ox'y'z' be a new system of axes obtained 
from Oxyz by a rotation of 90° about the axis Ox. In the new system one 
must again have 

Xj, — ae^'x’ + bCy-y. -j- cc*.,. . 


But obviously in the present case 

Xji> — Xxt 6x’x- — ^xxi ^yy ~ ^yy ~ 

and hence 

Xg — aCgx -i" bCgg C6yy. 


Comparing this formula with the earlier one for Xg one sees that b = c. 
Thus . 

Xg =’aegg 4- b{eyy + e„) = •+■ Cyy + c„) -+-(« — 6K.. 
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Finally introduce the notation 

b — X, a — b = 2(1, 

so that the preceding formula becomes 

"f" ^vv "I" "i“ “1“ ^l^xxt 

where 

^ — ^xx ^vv + ^zz- ! 

Because of isotropy one can obtain from the above formula for 
those for Yy, simply by replacing the letter a; by y or by z. Conse- 
quently, one finally finds 

iVj = X0 2 |x£|, A^2 "b 2 (i^ 2» — ^0 -j- 2(x^2. (c) 

In these formulae N^, N 2 , and ^j, e^, denote the principal stresses and 
strains. The corresponding coordinate axes will now be denoted by 
Ox', Oy', Oz' , w’here it should not be forgotten that they are principal axes. 

In order to find now the formulae relating the stress components 
Xy., Xy to the strain components ^ j.*. • • • . in any coordinate 

system Oxyz, it is sufficient to express the quantities Xy, Xy by the 
known transformation formulae for the transition from one system 
of axes to another in terms of N^, N^, N^. Using (c), this will give 
expressions for X^, . . Xy in terms of e^, e^, e^. Expressing, finally, 

h' ^3 in terms of e^y one finds the required formulae. Actual 

execution of this process leads to unwieldy calculations which may be 
avoided in the following way. 

One can replace the set of formulae (c) by a single equation which is ob- 
tained by multiplying the equations (c) by 5'*, tj'*, C'® respectively, where 

— >■ 

V)', are the components of some arbitrary vector P in the system 
Ox'y'z', and by adding them: 

-t- iV27)'2 + 

= -h -}- + 2ii(e,l’^ -f (d) 

Now transform from the axes Ox'y'z' to the axes Oxyz. It is known that 
the quadratic form 

-t- -b iVaC'* 

will then become the quadratic form (cf. § 5) 

4 - . . . + 2Xyir^, 
and 
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the form (cf. § 13) 

Here rj, ^ are the components of the vector P in the system Oxyz. But 
obviously 

^'2 + .^'2 _ ^2 4 . ^2 + j ; 2 . 

As regards the quantity 

0 = “ 1 “ C2 “ 1 “ ^ 3 » 

its value in terms of the components for the new axes will be 

0 ^rx d” ^yy “H ^Z2 

(cf. end of § 14). Hence in the new coordinate system equation {d) becomes 

+ y,7j2 + + 2y,r,^ + + 2 A„^t3 - 

xe(^2 + + ^,,732 + + 2 e,,rX + 2 e,xll + 2 eM. 

But since this equation will be true for the components of any vector 

P, i.e., for all values of v), the coefficients of . . ., on either side 
of the equation must be equal, and hence 

A* = XO + y, = XO + 2(xe,„ Z, -= XG + 2iie,„ 

i a ““ 2^Cy2f Z ja — 2^Cgx* y 2^Cxyt 

where 

6 = e^x + ^yy + ^22 (f2.2) 

is the cubical dilatation. 

Formulae (17.1) give the unknown relations between the components 
of stress and strain in an isotropic body. The quantities X, p are constants 
characterizing the elastic behaviour of a given body. This notation was 
introduced by G. Lam6 [ 1 ] ( 1 795 — 1 870) and for this reason they are called 
the constants of Lamd. They have to be determined for every material 
by experiment, but in actual fact other quantities, in terms of which 
these constants are easily expressed, are more suitable for direct measure- 
ments, and that is the procedure normally adopted. 

By a condition, stated during the formulation of the generalized Hooke’s 
Law, the equations (17.1) must be soluble for e**, . . . , c*,. Consider what 
conditions must be satisfied by X and p, so that the above demand is 
satisfied. For this purpose (17.1) will now be solved for the components 
of strain. Adding the first three equations, one gets 

A. + y, + z. = (3X -t- 2p)e = (3X -f 2p) {Cxx + + e„). (17.3) 
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This equation can be solved for only if 3X + 2fi # 0. 

Further, solving the last three equations of (17.1) for c**, e,,, one finds 
that one must have # 0. It will be seen in § 19 that for all actual bodies 
X > 0, (i > 0. Assume now that these conditions are satisfied. Sub- 
stituting the value for 0, obtained from (17.3), in (17.1) one finds the 
formulae . . . 




fA(3X + 2(x) 

X •+• |x 
fi(3X + 2|x) 

^ ~b M- 

fji(3X + 2(i) 


2(i(3X -|- 2(1) 


2(i(3X -|- 2(i) 


2(i(3X -|- 2(i) 




(X. -h Y,). 


(17.4) 


‘'»*“2(i 2^1 *’ 2(1 •" 

expressing the components of strain in terms of the stress components. 

§ 18. The basic equations for the statics of an elastic isotropic 
body. It is now possible to write down the complete system of equations 
for the statics of an elastic body. This system consists of the ‘‘equilibrium 
equations”, relating the stress components (§ 4), and of the equations 
(17.1), relating stresses to strains. It will be shown in § 20 that the fol- 
lowing equations constitute a complete system: 

dXy ex, 

^ + -L + * + X = 0, 


Xa == X8 -f- 2(16* 


- + ^ + Y 
^ cz 

+ + Z-- 

I oz 
XG -t- 2(l£yy, / 

r* ~ 2(1^, a, x^ 


(18.1) 


= XO -f 2(i«, 

2p^(t»> 


(18.2) 
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where «, v, w are the components of displacement and 

- * du dv dw , , 

e = = -g- + (18-4) 

These equations must still be supplemented by the formulae giving the 
components of the stress vector acting on a plhne with normal « (§ 3) : 

X„ = Xx cos («, x) + Xy cos («, y) -1- X, cos («, z), 

y„ = y* cos {n,x) + y, cos («, y) 4- y, cos («, z), (18.5) 

Z„ = Zj, cos (n, x) + Zy cos (n, y) + Zy cos («, z). 


Next, a general remark will be made with reference to the sets of 
equations (18.1) and (18.2). These equations are linear and homogeneous 
in the displacement components u, v, w, the stress components Xy, . . . ,Xy 
and the body forces X, Y, Z. Hence, if 


V', w'. a:;, .... Z; and u". v", w", . . . . 


are two solutions of (18.1) and (18.2) corresponding to body forces X', 
V, Z' and X\ Y", Z" respectively, then 


u = «' u", V = v' -f v", w — w' -\- w", 

z*==z; + z; .... z, = z; + z; 


(18.6) 


is a solution of the same .system of equations for the body forces 

z = z' + z", y = y' + y', z = z' + z\ (i8.7) 


It will be said that the solution (18.6) has been obtained by super- 
imposition of the two given solutions. Formulae (18.5) show that the 
external stresses, applied to the surface of the body (for this purpose n 
refers to the outward normal) and corresponding to the last solution, 
are given by the sums of the surface tractions corresponding to the given 
solutions. In particular, if «*, v", w", X^, . . . , Z' is any solution when 
there is no body force (Z* = y' = Z' = 0), then (18.6) will satisfy the 
same equations with the same body forces as the solution v', w', 


§ 19. The simplest cases of elastic equilibrium. The basic 
elastic constants. Before going further, several very simple cases of 
elastic equilibrium will be considered for the purpose of studying the 
physical meaning of the constants characterizing the elastic properties 
of a body. 
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First it will be noted that in the absence of body forces, i.e., if 

X Z = 0, (19.1) 

the static equations of the elastic body may be satisfied, in particular, by 
assuming the strain components c**. . . . , to be (arbitrary) constants, 
i.e., by assuming homogeneous deformation. In fact, by (18.2), th^ 
stress components will likewise be constants and hence the equations 
(18.1) will be identically satisfied (since by supposition X = Y = Z — Oyi 
Further, the compatibility conditions of St. Venant (§ 15) will be satisfied,; 
since one may always find displacements u, v, w corre.sponding to the 
given strain components. In this simple case the above may be proved 
directly by finding expressions for the displacements; namely, direct 
substitution shows that the displacements 


u = qz —ry + a, 

V = + Byyy + CyyZ ^ TX PZ + t , (19.2) 

w + e^yy + e„z py — qx + c, 


satisfy for constant . . ., the relations (18.3). Here a, b, c, p, q, r 
are arbitrary constants; the corresponding terms expre.ss therefore 
rigid body di.splacement [the.se formulae could also have been written 
down immediately using (12. 12)J. By § 15 the solution (19.2) is the only 
possible one for the given e,^., . . . , 

In exactly the same way it is obvious that the static equations may be 
satisfied by putting the stress components equal to arbitrarily chosen 
constants. In fact, (18.2) gives then definite constant values for the strain 
components and one obtains again the preceding case. 

Now certain very simple particular ca.ses wall be considered. First put 

= r = const, = = Y, = = = 0. (19.3) 

Then, by (18.2) or by (17.4), 


^ Y e - e — T 

(x(3X + 2ix) ' 2(i(3X + 2tx) ^ ' 

Cyy — Cyx ~ — 0 * 


(19.4) 

(19.5) 


It will now be assumed that the body under consideration is a prism 
or a cylinder with generators parallel to Ox and with ends perpendicular 
to this axis. Then it is obvious from (18.5) that on the side surfaces 
= Yn = — 0, i.e., they are free from surface tractions. On the end 
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facing in the positive direction of the axis Ox •. Y„ — 0, = T, 

and on the other end 

y„ = z„ = o. X^ = -X^ = -T. 


Consequently the external forces acting on the cylinder are uniformly 
distributed over the ends and produce tension, if T > 0, and com- 
pression, if r <0. The quantity T denotes the tensile or compressive 
traction, exerted per unit .area of the ends. Now the obvious assumption 
(which may be based upon experimental evidence) will be made that for 
these conditions and for T > 0 the cylinder extends in the longitudinal 
and contracts in the transverse direction, i.e., lor T > 0 one must have: 

> 0 , Cyy < 0 , < 0 . 

Then, by (19.4), 


(i,(3X 2(xj 


2'(ji(3X + ’2(i.) ^ 


{19.6) 


Therefore, in particular, (X -f- (x) 0; further, it follows from these in- 

equalities (dividing one by the other) that 


Introduce the notation 


2(X (i) 


^(3X -f 2(x) _ 

X + (i. 2(X -J- (i.) 


(19.7) 


On the basis of the above the quantities E and ct are positive for all ma- 
terials. The quantity E is called modulus of elasticity or Young’s modulus 
(Th. Young 1773 — 1829) and rs Poisson’s ratio. The physical meaning of E 
is obtained from the first of the formulae (19.4) which gives 

T = Ee,,. (19.8) 


Thus E is the ratio of the applied stress to the strain cau-sed by it in the 
longitudinal direction. The physical meaning of a follows also from 
(19.4) which show that 


^ I 



(19.9) 


i.e., the ratios of the transverse strains to the longitudinal strain are a 
constant quantity which does not depend on the shape of the cross-section 
oI the rod nor on the magnitude of applied traction. 
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Next consider another particular case. Let 

= const, = = = X, = 0. (19.10) 

Then, by (18.2), 

^ J/* ” ^ ^VV ^ZZ ^ZX ^ZV ( 1 1 1 ) 

2(i. j 

i.e., the corresponding deformation is pure shear. If the body unden 
consideration is in the undeformed state a right parallelepiped with sides\ 

parallel to the coordinate planes, then ' 
it is easily seen from (19.10) that the 
.sides perpendicular to the axis Ox are 
free from surface traction. The tractions 
applied to the other sides lead to the 
shearing forces shown for the case T > 0 
in Fig. 10, where only a cross-section 
in a plane parallel to Oyz is drawn. The 
angle between the sides originally paral- 
lel to Oxy and Oyz is shown to differ 
from a right one by e^, = 2e,, (cf. § 12). 
Hence, by (19.11), 

r=[ie„. (19.12) 

Thus fi is the ratio of the shearing stress T and the corresponding angle 
of shear. For this reason [x, is called the shear modulus. 

Finally consider the case 

Z. = y, = Z, - — /) = const, y, == Zx = X. = 0. (19.13) 

In this case ( 1 8.5) shows that the stress acting on any plane with normal 
n is given by the formulae 

■X'n = — pcos{n,x), y„ = — ^cos(«, y), Z„ = — p cos {n,z), 

expressing that the stress vector is parallel to the normal and that its 
magnitude is \p\. Hence only a normal stress acts on any plane; if one 
assumes p > 0, the stress will be compressive. The surface of any 
part of the body under consideration will only be subjected to uniform 
normal external pressure (“hydrostatic pressure”). 

Adding the first three formulae of (18.2) one finds 

p — ~('h + f (i)6. 



Fig. 10. 
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Since 6 is the cubical dilatation (and consequently — 6 is the cubical 
compression), the quantity 

A = (19.14) 


is called the modulus of compression or bulk modulus. The obvious as- 
sumption will be made (which may be based on experimental evidence) 
that for ^ > 0 a decrease in volume actually takes place, and hence 
that A > 0 for all materials. 

In addition to X and [jl the following constants have been introduced 
in the above work : the modulus of elasticity E, Poisson's ratio a, the modu- 
lus of compression k. The quantities X and ^ may be expressed in terms of 
any two of these constants. For example, solving the equations (19.7) 
for X and (jl, one obtains 


X =- 


£(7 


(1 +cr)(l— 2a)' 




2(1 


(19.15) 


and substituting these expressions in (19.14) 


3(1 -2(1) 

The last formula shows that one must have for all materials 


(19.16) 


a <l (19.17) 

The formulae ( 1 9. 1 5) .show that 

X > 0, (A > 0 

which is now also obvious on phy.sical grounds (cf. § 17). 

Note that by the old theory of Cauchy and Poisson for all bodies 
a — I, or, what is the same thing, X = p. But this is not confirmed by 
experiment. However, for many materials, a has approximately the same 
value of J (and not J). 

If one introduces in (17.4) the constants E, a instead of X, (x, the formulae 
take the simpler form 


= + ( 19 . 18 ) 

ii 




l+®v- . 1+0 


9 


I + a 




Theory of Elasticity 
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NOTE. In the literature one often finds the quantity w = — which 

a 

is called Poisson’s coefficient (e.g. R. Grammel [1]). The shear modulus [x 
is often denoted by G. Recently determined values of the above 
constants for different materials may likewise be found, for example, in 
Grammel’s book. 


§ 20. The fundamental boundary value problems of static 
elasticity. Uniqueness of solution. Consider now the basic equations 
of the static elastic body (§ 18) which will be written in the form 



where 

du civ dw 
dx dy Sz 

The nine equations (20.1) and (20.2) contain just as many unknown 
functions u, v, w, X^, .... X„. The system (20.1) and (20.2) has earlier 
been called the complete system of static equations of the* elastic body. In 
order to prove this statement, it has to be shown that the system (20.1) 
and (20.2) completely determines the elastic equilibrium of the body, if 
the external forces to which it is subject and the “internal” body forces 
are known. 

It has been assumed here that the elastic equilibrium of a body is 
known, if the stress components or what is the same thing, thanks to the 
equations (20.2), if the strain components are known at every point of 
the body. It should not be concluded that body forces are exclusively 
external, since, for example, gravitational forces between parts of the 
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elastic body are ‘‘internal” body forces. The external forces mentioned 
above comprise, firstly, external body forces and, secondly, external 
tractions applied to the boundaries of the body. 

In connection with all this there arises the first fundamental 
boundary value problem; 

I. Find the elastic equilibrium of a body, if the external stresses acting on 
its boundaries are given. Here, as in all the following work, it will be as- 
sumed that the body forces are given once and for all. 

In practice, this last point arises in the following manner : body forces acting on 
a body element depend as a rule on the mass contained in it and on its position 
with respect to other masses (e.g. gravity forces, centrifugal forces due to rotation, 
etc.). Under deformation the position of the element as well as its density will 
change, so that the body forces (A', Y, Z), referred to unit volume, generally speak- 
ing will also vary. But in view of the smallness of the deformations and displacements 
these variations are insignificantly small and may be disregarded. 

With (20.1) and (20.2) in mind, this problem leads to the following 
one: Find functions u, v, w, X^, • • Xy, satisfying (20.1) and (20.2) in 
the region V originally occupied by the body (cf. § 16), and, in addition, 
satisfying on the surface (boundary) S of the body the following boundary 
conditions [cf. (18.5)]: 

Xy. cos («, x) -j- Xy cos (m, y) + Xy cos («, z) = f^, 

Yy. cos («, x) + Yy cos (m, y) + Yy cos («, z) = f^, (20.3) 

Zy. cos («, x) + Zy COS (n, y) Zy cos («, z) = /,, 

where n denotes the outward normal to S and /„ /„ /, are functions, given 

on the boundary (and representing the components of the known stress 
vector acting on the .surface of the body). 

In addition to the first fundamental problem stated above the 
second fundamental boundary value problem is 
of considerable interest: 

II. Find the elastic equilibrium of a body, if the displacements of the points 
of its boundary are given. Physically this corresponds to the case when, by 
means of suitable tractions applied to the points of the surface, these 
points are subjected to known displacements and the boundary is cor- 
respondingly deformed. In relation to the equations (20.1) and (20.2) 
this leads to the determination of solutions which satisfy on the surface 
of the body the following boundary conditions: 

« = gi. = gj. O' = gs. (20.4) 

where g^, g^, g, are functions known on the boundary. 
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Finally, in many investigations an important part is played by the 
mixed fundamental boundary value problem 
which arises whenever displacements are known on one part, and external 
stresses on the remaining part of the boundary. 

In addition to the problems stated already a number of others may be 
formulated which are no less important in applications; some of these 
will be considered later, when dealing with the plane case. 

In the sequel, unless stated otherwise, it will be assumed that m, v , 
w are single-valued functions having continuous derivatives up to and 
including the third order. Under these conditions the strain and stre.ss 
components will also be single-valued and continuous functions having 
continuous second order derivatives. 

Having in mind the need to prove a “uniqueness theorem”, i.e., to prove 
that the system of equations (20.1) and (20.2) has one and only one 
solution for each of the fundamental problems, one important lemma will 
first be deduced. 

Consider the double integral, extended over the surface of the body, 

rr 

J = Ij + Y„v + ZnW)dS, (20.5) 

n 

where X„, Fn, are determined by (18.5) and by n must be under- 
stood the outward normal to S. Substituting from (18.5) into (20.5) one 
finds 


J = IJ [P cos (m, x ) Q cos («, y) -f- /? cos (n, zy\dS, 


where for convenience 

P = JfajW -f Z^w, Q = XyU -f- YyV -f- -ZyW, 

R = + Y^v H- ZgW. 

By Green’s formula 

'dP dQ dR' 


J 


-m 


dx dy dz 


) 


dxdydz. 


But in the present case 


0y 02 \ dx dy dz ) \ dx 


^Yy dYy^ 

dy dz ) 


+ 
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+ VH 


\ Zx 


az, 0z* 


__ VI/ ^ vu/ 

+ + ^v~~ + + 


or, by (20.1), 


du dv 

dy ' 8^ y ' 07“^ 

/ Sw dv\ / 0 Sw\ 

+ '^-('By"+ ar)+^"V82 +'&) + ^> 


0jei 

0Z 


/ 0t) 0M \ 

\ 0* ^ 


dP dQ dR 

-1. -5. -J 

dx dy dz 


- (Xu + Yv + Zw) + 2W, 

VA^ vy uz, 

where 

TW = -f- y yCyy + ^Z^ZZ + ^Yz^VZ + 4* 2Xj,<?a.y. (20.6) 

Thus one finally obtains 

//‘^ „u + Y„v + Z„w)dS + Ijl (Xu + Yv + Zw)dxdydz = 


-/// 


W dx dy dz. (20.7) 


The expression lY in this formula represents, as will be proved in 
§ 24, the potential or strain energy per unit volume ; but at the moment this 
is of no importance. 

Introducing on the right-hand side of (20.6) the expressions (18.2) for 
the stress components in terms of the strains one finds 

21Y == X(ea,, -f- Cyy -f- -}- 2\L(e\^ -f e^y -f- e*. -(- 2e*. -f 2el^ -f (20.6') 

which proves that W is a positive quadratic form involving the components 
of strain, and, in addition, that it is definite, i.e., that it becomes zero, if and 
only if all the strain components are zero; this follows from the fact that X 
and (ji have already been shown to be positive quantities. 

Similarly, W may be expressed in terms of the stress components; 
obviously it will again be a positive definite form in these components. 

Let it now be assumed that one of the earlier stated problems has 
two solutions. Let v', w', X^, ...,Xy be the components of dis- 
placement and stress corresponding to the first solution, and u", v", w", 
Xl, . Xy be the analogous quantities of the .second solution. Form 
the "difference” of these two solutions, i.e., put 

u^u'' — u',...,Xy = Xl — Xy. 

Obviously (cf. § 18) the functions u,v,w, X*. Xy satisfy the same 
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equations (20.1), (20.2) in which one has only to put 

x= y = z = 0: 

in other words, the “difference” solution satisfies the basic equilibrium 
equations in the absence of body forces. Thus, by (20.7) for X== Y= Z = 0, 


If 


{X„u + Y^v + Z„w)dS = 2 Wdxdydz. 


(20.7') 


Now the following will be noted ; In the case of Problem I the quantities 
X„, y„, Z„, formed by subtracting the two solutions, will be zero on S, 
since both solutions, by supposition, satisfy the conditions (20.3) for 
the same functions /j, f^, Hence 

X„ — X^ cos {nx) + Xy cos («, y) + X, cos («, z) = 0, 

y„ = 0, Z„ = 0. 


In the case of Problem II one will in the same way find u — v — w — 0 
on 5. Finally, in the case of the mixed problem, u, v, w will be zero on one 
part, and X„, Y„, on the remaining part of the boundary. In all three 
cases the expression X^u + y„v + Z^w is zero on 5. Hence (20.7') 
becomes 



W dx dy dz = 0. 


V 


However, since W > 0 , the above relation is only possible, li W — Q 
at all points of V. It has been seen earlier that this condition implies 
= Cyy — = Cay = 0 throughout the body. But c** = 

etc., where e^, , . . , and . . . , are the components of 
strain, corresponding to the two solutions under consideration. This 
means that both solutions give identical strain components, and con- 
sequently also identical stress components. Hence both solutions are 
identical in the sense that they give an identical state of stress (and de- 
formation). This proves the uniqueness theorem. [The theorem and the 
proof given here is due to G. Kirchhoff (1858).] 

However, it should be noted that the displacements may not be com- 
pletely identical. In fact, from the vanishing of c**, . . . , not 

follow that u = V = w = 0, but only 

u ~ a qz — ry, v = b rx — pz, w — c Py — qx, (20.8) 
(where a, b, c, p, q, r are constants) expressing rigid body motion. Thus, 
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when solving the first fundamental problem, one will always obtain the 
same stresses (and strains), but one may find for the displacements 
values, differing from each other by terms expressing rigid body motion. 
This could, of course, have been predicted, because such displacements 
do not affect the stresses and deformations. Such differences in the 
solutions are, however, unimportant. 

In the cases of the second and the mixed boundary value problems such 
differences cannot occur, since the displacements are given beforehand for 
the whole or part of the boundary. 

Finally note the following proposition which is a particular case of the 
uniqueness theorem proved above ; If the body forces are zero and if, in 
addition, either a) the external stresses or b) the displacements of points 
of the boundary or c) the external stresses on one part and displacements 
on the remaining part of the boundary vanish, then the stresses throughout 
the body are zero (and hence there is also no deformation). 

The above proof of uniqueness of solution holds true for simply as 
well as for multiply connected bodies, because at no stage has the as- 
sumption of simple connectivity been introduced. However, the hy- 
pothesis that the components of displacement are single-valued functions 
of the coordinates is essential for the proof. As has already been stated, 
in the case of multiply connected bodies one may admit also the existence 
of displacements which are not single-valued. For .such a generalized 
study of the problem the above uniqueness proof loses its validity and 
the theorem is no longer true. For a physical interpretation of this case 
see Part II of this book. 

Note that only the following has been proved: if the fundamental 
boundary value problems of elasticity have a solution, then that solution 
is unique. But this, of course, it not a proof of the existence of such 
solutions. The proof of the existence of a solution is much more difficult 
than the uniqueness proof and it requires application of the most powerful 
methods of modern analysis. This explains the fact that the proofs of the 
existence of solutions of the fundamental problems have only been found 
comparatively recently. 

The above-mentioned proofs of existence are given in a great number of original 
publications. Reference will be made here to only a few of these. For the secon<~ 
fundamental problem: I. Fredholm [1], G. Lauricella [1, 2], A. Kom [1, 2], L. Lich- 
tenstein [1], D. I. Sherman [21]. For the first fundamental problem: A. Kom [3], 
H. Weyl [1]. Note that as a rule the first problem of this book is called in literature 
the second boundary value problem and vice versa. 
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The scope and character of the present book do not allow a general 
treatment of these problems. Therefore it will only be stated here that 
the existence of solutions of the first and second fundamental boundary 
value problems has been proved recently with full mathematical rigour 
under sufficiently general conditions. The proof for the plane case will 
be given in Part V of this book. 

For the existence of a solution of the first fundamental problem ob- 
viously the following condition must be satisfied: the resultant vector 
and moment of the body forces and (known) external stresses applied 
to the boundary must be equal to zero. This condition follows from the 
fundamental principle of statics and may also be deduced from (20.1). 
In fact, the projection of the resultant vector of the.se forces, for example 
on the axis Ox, is 

jlj Xdxdydz+fj X„dS. 

V V 

But, as has been shown in § 4, this expression is equal to 



V 


this triple integral, however, is zero by (20.1). 

Further, the resultant moment, for example about the axis Ox, is given 

'“{yZ — zY)dx dydz+ 11 (yZ„ — 2 Y„) dS. 
r ,v 

This expression, as shown in § 4, is equal to 

Hi- y — Yz) dx dy dz, 

V 

where again use has been made of (20.1); but since Zy^Yzt the last 
triple integral vanishes. 

§ 21 . Basic equations in terms of displacement components. 

The system of equations (20.1) and (20.2) involves simultaneously the 
components of stress and displacement. However, it is possible to obtain 
systems containing only one or the other type of components. It is simplest 
to deduce the system containing the components of displacement. For 
this purpose it is sufficient to substitute from (20.2) in (20.1) which 
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gives, after some obvious simplifications, 

00 

(X -{- p) h = 0» 

cx 

00 

(X + fji)-~ + (xAD + Y = 0, (21.1) 

06 

(X + k) j + (/•Alt' + Z = 0, 


where again 


du 0v dw 

e = 1 1 

dx ^ 0y ^ 02 


and A denotes the Laplace operator, i.e.. 

Am 


d^H d^u d'‘u 

dx^ ~dy^ 


Starting from the representation of the elastic body as a system of 
material points, Navier (1785 — 1836) obtained in his memoir, presented 
to the Paris Academy in 1821 and published in 1827, the equations which 
must be satisfied by the displacements of the points of an elastic body in 
the dynamic as well as in the static cases. Navier’s equations for the 
latter case agree essentially with the equations (21.1), if one puts in 
these X = (X. The discovery of these equations may be considered one of 
the most important stages in the development of the theory of elasticity, 
and therefore Navier is rightly ranked among the most important of its 
founders. 

The equations (21.1) are very convenient, because of their symmetry 
and because they contain only three unknowns. 


§ 22. Equations in terms of stresses. However, it is often more 
convenient to deal with equations containing only stresses. It should 
not be thought that for this purpose one may limit consideration to 
the equations 


0a:, 0a:, 0a:, 

dx dy dz 

0y» 0y. 0y, 

dx ^ dz 


0Z* 


+ ■ 


0Z, 


+ ■ 


0Z. 


+ ^ = 0, 


+ y-0. 


+ 0 , 


( 22 . 1 ) 


dx dy dz 
which have been called "equilibrium equations” 
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In fact, if A’’*, . ..,Xy satisfy these equations, this does not mean 
that these quantities express some actually possible state of stress; 
it is also necessary, in addition, that displacements («, v, w) can be found 
which are related to these stresses by (20.2). For this, on the other hand, 
it is nece.ssary and sufficient (with certain reservations in the case of 
multiply connected bodies; cf. the end of this section) that the strain 
components which will now be written [cf. (19.18)] 


E E 


£ Hy 


1 -t- CT 

' E 



etz = 


1 +<T 

E 



(22.2) 


e -[±1y 


_ 1_+<T 

^X> 




1 + a 


where 


0 = Xy. -P i V + 


satisfy the compatibility equations of St. Venant [cf. (15.6)]. 

Substituting from (22.2) in (15.6) one obtains from the formulae in the 
first row of (15.6) 


0y dz 


d^Zy <T f02© 0201 aey, 

+ TT 7 “ 3^82'' ' ’ 


+ (T I 0y' 


020 


1 + a 0y 0-^ 


0 

ex 


{- 


ay. dZy 


dx ~dy 


dydz’ 

dX 


dz 




(22.4) 


by cyclic interchange of symbols one obtains four similar relations 
corresponding to the remaining compatibility conditions. Equations 
(22.3) and (22.4) may be somewhat simplified using (22.1). Thus, dif- 
ferentiating the second equation of (22.1) with respect to y and the third 
with respect to 2 and adding them, one obtains 


2 


a*y, 3 *z, 3 / 8 x, , »x 


+ ■ 


/ay dz\ 


dy dz ' ay* ' 02 * ' 8r I ay 

But, by the first of the equations (22.1), 

(1^ • 

\ ay ■ 


02 


I 


\ ^ dz J 


a 

dx 


+ ■ 




dz 


dx 


dx‘ 
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substituting this last expression in the preceding formula gives 

8y 8z dx^ dy^ dz^ \ 3 a ; dy dz ) ^ ^ 8x 
which, when introduced on the right hand-side of (22.3), leads to 

1 4- o \ 3y2 "322 / ‘ dz^ ^2' ■ dx^^ 


_ /ax ay az\ 3x 
-“V ax" + "37 ■^“027 + ^17 

Finally, noting that — Q X^, one obtains 


— — -A0 — AX, 
1 -f a 


320 

1 + a ~dx^ 


/ax ay 8z\ ax 
\ ax + ay + 02 / + ^ ax ’ 


(a) 


Adding this equation to the two analogous equations, obtained from it 
by cyclic transjwsition of symbols, one finds a formula which is important 
in itself 


A0 


(dx ay j_+ CT 

\ ax + 0y + 02/1 — a 


(22.5) 


Substitution of (22.5) in (a) finally gives 

, 1 ff /ax ay az\ ^ax 

AX, 4 1 1 1 — 2 . 

1 -f- (T 3x2 1 — \ a^; ay 02 / dx 


( 22 . 6 ) 


This is one of the required fonnulae, the other two being obtainable by 
cyclic transposition of symbols. 

Now consider equation (22.4). Differentiating the second equation 
of (22.1) with respect to z and the third with respect to y and adding, 
one obtains 

a^y, a^y^ w, d^z^ d'^z, /^ ay\ 

ax 02 ay 02 + 02* + ax ay + ay* + ay 02 V ay + 02 /' 

Adding this equation to (22.4) which may be written 

ay 02 + 0x2 ax ^ dxdz I ty dy dz 

one finds 

020 dY_\ 

* + 1 o 0y 02 \ 0y + 02 /’ 


(22.7) 
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The other two equations of this type may be obtained by cyclic trans- 
position. 

Thus it is seen that the stress components must satisfy nine equations, 
i.e., (22.1), (22.6) and (22.7) with their analogous equations. The 
equations (22.6) and (22.7) were obtained by J. H. Michell [1] (pp. 1 12 — 
113); for the case of zero body forces, these equations were found earlier 
by E. Beltrami (1892). Therefore the equations (22.6) and (22.7), 
with their four analogues will be called conditions of compatibility of 
Beltrami-Michell . 

It follows from the above that, if the six equations of the type (22.6) 
and (22.7) are satisfied, the strain components corresponding to the 
stress components, satisfying the equilibrium equations (22.1), will 
fulfill the compatibility conditions of St. Venant. Thus, the equations 
(22.1), (22.6) and (22.7) with their analogues are not only necessary, 
but also sufficient. 

Some reservations must be made only in the case of a multiply con- 
nected body, when the displacements, corresponding to the stress com- 
ponents satisfying all the above conditions, may be found to be multi- 
valued. In that case one has to introduce either an additional condition 
of single-valuedness of the displacements or to admit the existence of 
multi-valued displacements which, as has been mentioned earlier, may 
be given a definite physical interpretation. 

§ 23. Remarks on the effective solution of the fundamental 
problems. St. Venant’s Principle. Solution of the above-mentioned 
fundamental boundary value problems for the general case presents in 
practice great difficulties, if one has in mind effective calculations. The 
so-called general methods give (in the general cases) only theoretical 
solutions, i.e., in the end they only prove existence of the solution. 
(These general methods are given e.g. in the papers quoted in § 20). 

Solution of one or the other problem is often con.siderably simplified 
by application of St. Venant’s Principle which may be formulated as 
follows: If one applies to a small part of the surface of the body a set of 
forces which are statically equivalent to zero, then this system of forces 
will not noticeably affect parts of the body lying away from the above 
region. Alternatively: If a set of forces, acting on a small part of the 
surface of a body, is replaced by a system of forces (acting on the same 
part) which is statically equivalent to the former, then such replacement 
does not cause a noticeable change in the elastic equilibrium of parts of 
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the body which do not lie too near to the above-mentioned region. Both 
formulations of St. Venant’s Principle are obviously equivalent. 

The Principle was first pronounced in St. Venant’s memoir [1] of 1855. It agrees 
very well with reality. However, its mathematical foundation (which must consist 
of an estimate of the influence of a system of forces which are statically equivalent 
to zero) is rather difficult, at least in the general case. By a system of forces, which 
is statically equivalent to zero, will be understood a system, equivalent to zero 
from the point of view of the statics of ab.solutely rigid bodies, i.e., a system, the 
resultant vector and moment of which are equal to zero. Systems are called statically 
equivalent, if they have the same resultant vectors and moments. 

Thus St. Venant’s Principle offers the means of modifying (under the 
definite conditions stated above) the given stress distribution on the 
boundary, and thus of .simplifying problems. The Principle will be widely 
used in the later parts of this book. 

§ 24. Dynamic equations. The fundamental problems of the 
dynamics of an elastic body. Although this book deals only with 
problems of static equilibrium, nevertheless the dynamic equations of an 
elastic body will be deduced, the simplest fundamental problems for these 
equations stated and the uniqueness of their solutions proved. In 
passing, an expre.s.sion will be obtained for the potential energy of a 
deformed body. 

The deduction of the dynamic equations of an elastic body does not 
offer any difficulties. These equations may be obtained directly from the 
static equations by use of D’Alembert’s Principle. In fact, it is sufficient 
for this purpose to write down the .static equations and to add the inertia 
forces to the body forces. 

In the present case the components of displacement, strain and stress 
will be functions of x, y, z as well as of the time t. The components of 
acceleration of a point, occup3dng a position {x, y, z) in the undeformed 
state of the body, will be 

d^u{x, y, z, t) dH{x, y, z, t) dhei{x, y, z, t) 

The components of the inertia force, appUed to a volume element dV 
containing mass dm, will be 

0 % 0 ®!®' , 

r::;- dm, ;r-- dm, r— - dm. 



78 


I. FUNDAMENTAL EQUATIONS 


§24 


But since dm — ^dV, where p is the density, the components of the inertia 
force per unit volume become 

d^u ch> d^w 


Adding the inertia force to the body force and introducing these values 
into (18.1), one finds 


dx 0y 


aA% 


0y, 0y„ 0y 

0a:‘ ^ 0y dz 


+ y==P 



(24.1) 


0Z^ 0Z„ 0Z, 
dx cy dz 



These equations now take the place of the "equilibrium equations” 
i.e., of the equations (18.1). The equations relating stresses to strains 
and expressing the generalized Hooke’s Law remain unaltered, since the 
body forces do not figure in them. In the case of an isotropic body these 
equations are (18.2) and (18.3). The equations (18.5) remain likewise 
unchanged. 

In the present case it is convenient to use equations in terms of dis- 
placements which can be obtained in the same way as it was done in 
§ 21 and which in the case of an isotropic body have the form 


/ 00 ^ ^ 02« 
(X + (i) _ (xAm + A - p - --, 


00 dH 

(X + l^) y — P (24.2) 

00 d^w 

(X + rt + + 


These equations differ from those obtained by Navier in 1821 (cf. § 21) 
in that Navier’s equations contained only one elastic constant, i.e., one gets 
his equations from (24.2) by putting X = g.. 

Analogous to the fundamental boundary value problems, which were 
formulated in § 20 for the static case, one may similarly state problems 
with regard to the dynamic equations. An essential difference is that the 
boundary conditions have to be augmented by “initial conditions” 
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i.e., given displacements and velocities of points of the body at some 
“initial” instant of time t„. Mathematically these problems may be 
formulated as follows: 

First fundamental problem. Find functions u{x, y, z, t), 
v(x, y, z, t), w{x, y, z, t) satisfying (24.2) and the following supplementary 
conditions : 

= /i. y« = h. = /a (24.3) 

on the surface S of the body at all times, starting from t == t^, and 


du . dv . dw 

U^ Un V = Vo, W = Wo, -- = «o. -T = ^o. = ^0 

ct ot ct 


(24.4) 


in the region V occupied by the body at time t — to- 

In these formulae f^, /j, /j are functions given on the surface S of the 
body and depending, in general, also on the time. Further, Mq, Vq, Wg, 
*'o> ^'o< ^re known functions of x, y, z. The equations (24.3) are the bounda- 
ry, and (24.4) the initial conditions. 

The second fundamental problem differs from the 
first only in that the boundary condition (24.3) is replaced by 

w = Si, g2. ^ = (24.5) 


on S ; gj, gjj, go are given functions on S depending, in general, also on the 
time. 

For the mixed problem the condition (24.3) will refer to one 
part and (24.5) to the remaining part of the boundary S. 

Apart from these problems there are a number of other important 
problems which will, however, not be stated here. 

In the above cases it has been assumed that the body forces are known 
at all points of the body and at all instants of time (beginning with 
I -- to). No consideration will be given here to the difficult question of 
the mathematical proof of the existence of solutions of these problems, 
and it will only be proved that, if a solution of the given problems exists, 
then it is unique. 

Before giving this proof, a formula will be deduced which is of con- 
siderable independent interest and which expresses the law of con- 
servation of energy, as applied to the case under consideration. 

Consider any definite motion of a given elastic body and choose as the 
initial instant- tg the moment when the body lies in a “natural” state of 
equilibrium, i.e., when body forces and stresses, and consequently also 
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deformations, are absent. Let R(t) denote the work done by the external 
stresses and body forces between the starting time and the instant t 
under consideration. This work will now be determined and for this 
purpose calculate the work dR done by these forces in the time interval 
dt, assuming dt infinitely small. 

A point, occupying before deformation the position {x,y,z), will at 
time t have the coordinates 1 

X + u{x, y, z, t), y + v{x, y, z, t), z + w{x, y, z, t). i 

The displacement of this point in the time interval t,t dt has obviously 
the following components: 

ii dt, V dt, w dt. 


where 


u ~ 


du 

'dt 


etc. 


The work of the external stresses, acting on the surface element dS of 
the body, in the time interval dt is 

{XnU + Y„v + Z„w)dS dt, 

and the work of the body forces, applied to a body element dV, is 

(xit + Yd + Zw)dV dt. 


Thus the work dR, done by all the above forces during the time interval 
dt, is given by 

^=-jj {X„u + Y„i + Z,,w)dS +JJJ{Xu + Yd + Zw)dV. [a) 

S V 


Replacing under the first of these integrals Xn, Yn> by their expressions 
(18.5), transforming the integral in the same way as the integral / was 
transformed in §20, one finds using (24.1) 


dR 

dt 


JJJ + vz) + ww)dV + 

V 

+ JJJ + ^z^zz + ^YgCyg + 2Za.egg, + 2Xyea,y)dV. ( 6 ) 
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But 


III 


p(w«i + vv + ww)dV 




( m * + + ^^}dV 


dT 


where 


T=^\ 


p(ii2 ^2 ^ w^)dV, 


r’ 


( 24 . 6 ) 


Obviously T is the kinetic energy of the elastic body, i.e., the sum of the 
kinetic energies of its different elements 

\dm{u^ + i)^ + w^) = | p ( m ^ + + w^)dV, 


Next transform the second term on the right-hand side of (6). Assume 
now that the body under consideration is isotropic and introduce the 
function 


W = •|X(^a,a, + eyy + eg^‘^ + + ^yy + ^ 

it is immediately seen that 

dW dW 

^ V "o » 

(jCx^ cCyy oe*, 

CCyg CCg^ CCxy 


( 24 . 7 ) 


( 24 . 8 ) 


and hence that the expression under the second integral of (6) is equal to 


dW 

~W 


and 





r 


y 


Thus (6) takes the form 


dR 

'dt 


d^ 

dt 


V 


( 24 . 9 ) 


Integrating both sides of this equation from to t and taking into 
consideration'that at the initial instant the body is in a natural state of 
rest (i.e., T = W — 0 a.t t = Iq), one finds for the work R done by the 

Theory of Elasticity 6 
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external stresses and body forces in the time interval (/q, t) 

R-=T+U, (24.10) 

where 

U - 

Formula (24.7) shows that W depends solely on the state of deformation' 
at a given moment at a given, point ; hence U depends on the state of 
deformation of the considered body at a given instant /. The quantity 
U is the potential energy of deformation of the body, i.e., the work which 
must be done by the body forces and external stresses, in order to cause 
a given state of deformation. In fact, if under the influence of those 
forces the body changed from a “natural” state of rest to a new, deformed 
state of rest, then, by (24.10), R — U, becau.se for a state of rest T — 0. 

Formula (24.10) indicates that the work of the body forces and external 
stresses is transformed into kinetic energy and strain energy; it thus 
expresses the law of conservation of energy. 

The quantity W, defined by (24.7), is the strain energy per unit volume. 
In fact, it follows from (24.1 1) that the amount of potential energy, be- 
longing to the body element dV, is WdV. The expression W had already 
been introduced in § 20 ; it will be remembered that IF is a positive de- 
finite quadratic form in terms of the strain components. This follows 
directljf irom (24.7). 

Next consider the question of the uniqueness of the solutions of the 
fundamental problems. Let any one of them have two .solutions for 
identical boundary and initial conditions and identical body forces. 
Form the “difference” of these solutions (cf. § 20). The new solution 
(m, V, w) will satisfy the same equations as the two- former solutions, 
but in the absence of body forces', in addition, in the case of the first 
problem, one will have 

= y„ = = 0 on 5, (24.3') 

and in the case of the second problem, 

u — V = w = 0 on S', (24.5') 

in the case of the mixed problem, condition (24.3') will hold on one part 
of the surface and (24.5') on the remainder. In aU cases one has 

X„« + Yj; -f Z„w = 0 on S. 


[fjwdV. (24.11j^ 
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In fact, in the case (24.3'); X„ — y„ = = 0; in the case (24.5'); 

ti — V — w — 0 (on S) at all instants of time (beginning with t — t^), 
and hence 

du dv dw 

— - — = — - = 0 on S; 
dt dt dt 

similarly for the mixed problem. 

Further, one obviously has at the initial instant 

u — v~w — u — v — w — 0, 

because both known solutions satisfy the same initial conditions. 

It follows from the above that the work 7? for the solution ti, v, w is zero, 
and hence by (24.10) that 

r = [7 = 0. 


But obviously this is only ])ossible, when T — 0, 17— 0, and therefore 
at all instants of time, starting with I ~ one will have 

u — i ==zw — 0 , — e^y = 0 . 

The first set of these equations shows that the displacements do not 
depend on the time, i.e., that one is dealing with a static problem. It follows 
from the second set of conditions that all the strains are zero, i.e., the 
.solution u,v,w can only represent rigid body motion. Finally, it follows 
from the condition, that at the initial instant all displacements are zero, 
that there can be no body motion. Thus one has for aU points of the body 
and at all times « — — 0. It is seen from this that the two solutions 

of the problem, mentioned earlier, must be identical and this proves the 
assertion. 
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and, in the absence of body forces, by 

v = ifj iX,u + + Z,w]dS, (24,13) 

where the double integral is taken over the entire surface of the body. Notej 
that, by (24.11) and (24.7), U>0 for all states of non-zero-deformation, i 
The formulae (24.12) and (24.13) are easily remembered; they show 
that the strain energy of a body is equal to half the w'ork done by the 
external stresses and body forces of the final equilibrium state, acting 
through the displacements of the equilibrium state. 



PART II 

GENERAL FORMULAE OF THE PLANE THEORY 

OF ELASTICITY 




The considerable mathematical difficulties which arise during any 
attempt to solve the fundamental problems of the theory of elasticity 
necessitate the search for practical methods of solution in special classes 
of particular cases. One of the most important of such classes is concerned 
with the so called “plane theory of elasticity” or “the plane problems 
of the theory of elasticity” to which are devoted Parts II — ^VI of 
this book. 

The development of the theory will here be based on the complex 
representation of the general solution of the equations of the plane 
theory of elasticity which will be stated below. This complex represen- 
tation, originally introduced by G. V. Kolosov (cf. his papers [Ij, 
[2] and his book [6]), has been found very useful for the effective 
solution of the fundamental boundary value problems as well as for 
investigations of a general character, as is shown by a large number of 
important papers which have been published lately in Russia. Several 
of these will be studied or referred to in this or later Parts. 

I'rom time to time papers have appeared outside Russia in which complex repre- 
sentation of partly incomplete solutions has been used and results have been given 
which are either contained in the work of Russian authors or which follow directly 
from the results obtained by the latter. Among these are, for example, the papers by 
A. C. Stevenson [1] and H. Poritsky [2] about which some remarks will be made 
in § 32. 

It will only be mentioned now that some of the methods, fundamental 
to complex representation, may be .successfully generalized to the case 
of anisotropic bodies, but this will not be done in this book. Important 
and interesting results in this direction have been obtained by S. G. 
Lekhnitzky [1], S. G. Mikhlin [11], D. I. Sherman [9, 19], G. N. Savin 
‘[3 — 6] and others. A systematic study of a number of these results may 
be found in Lekhnitzky 's book which contains some of the results obtained 
by its author. 

Finally, it should be noted that the fundamental nature of the results 
of the plane theory of elasticity (Parts II — VI), stated below, must of 
course be seen not in the new deduction of Kolosov’s and other formulae, 
but rather in the application of these formulae to the solution of the fun- 



damental boundary value problems by systematic utilization of the pro- 
perties of Cauchy type integrals and conformal transformation. 

In fact, Kolosov’s formulae may be deduced in many ways some of which are 
extraordinarily simple. The method chosen here requires somewhat lengthier 
calculations than some of the others, because it is completely elementary; but it has 
been retained here, since it gives, as by-products, a number of formulae useful 
in the sequel; it also guarantees complete generality of the obtained solutions and 
does not assume beforehand that these solutions are analytic. Note also that 
before Kolosov several authors (e.g. L. N. G. Filon) have obtained some complex 
representations of solutions, but no one (or almost no one) has actually applied 
them. 



Chapter 4 


BASIC EQUATIONS OF THE PLANE THEORY 
OF ELASTICITY 


The equations of the plane theory of elasticity apply to two cases of 
equilibrium of elastic bodies which are of considerable interest in practice, 
namely; to the case of plane strain and to the case of the deformation 
of a thin plate under forces applied to its boundary and acting in its plane. 
These two cases will be discussed in detail in the following two sections. 


Plane strain. A body will be said to be in the state of plane 
strain, parallel to the plane Oxy, if the displacement component w is zero and 
if the components u, v depend only on x and y, but not on z. In this case 


du 




and the formulae (20.2) give 


dv 

dy 


du dv 

Xf XO -{■ 2(i - , 1 y = X6 -t" 2 (a— 

dx dy 


X, 



z, = xe, x, = y, = o. 


These formulae show that the stress components are likewise independent 
of z (since u, v and hence 0 do not depend on it). 

Further, the first two of the equations (20.1) take the form 




^ dX, dY, ,, 
dx dy 


0 , 


iind the third becomes Z = 0, indicating that for plane deformation, 
parallel to the plane Oxy, the component of the body force in the direction 
perpendicular to the plane of deformation must vanish. The preceding 
equations also show that the components X, Y of the body force do not 
depend on z. 

Thus, in the end, the static equations of an elastic body in the case 
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of plane strain, parallel to the plane Oxy, reduce to the following: 


dXy 


dYy 

-f y - 0, 


- 4- - — 

dx ?y 

+ X-0, -7 

+ 1,- ■ 
dy 

(25.1) 

dti 



/ dv du \ 


Xx ^ 

Yy — XO + 2[l 

oy 

. A„ = 


1, (25.2) 


where all the quantities appearing in these equations are independent 
of z] the component (likewise independent of i:) is given by Z == X0 
or, noting that by (25.2) 

Aj. + ^ = 2(X + g.)0, 0 — ‘7' T 

2(X + ii.) 

by . 

Z, = X0 = -- -- (X, f y,) = a(A^ y,), (25.3) 

2(X + (a) 

where <t is Poisson’s ratio. The formula (25.3), determining Z^, has been 
intentionally deduced, since solution of the .system (25.1) and (25.2) 
represents the fundamental problem, and Z, is determined from (25.3) 

after its .solution. There remains now to state 
j,Z 1^2 those cases when plane deformation takes 

place. 

It will be assumed that one is dealing 
with cylindrical (prismatic) bodies, bounded 
by surfaces parallel to the axis Oz (sides) and 
by two plane faces normal to the generating 
surface (ends) (Fig. 11). Further, assume 
that the external stresses, acting on the 
sides, are parallel to the plane Oxy and do 
not depend on z and that the same condition 
is satisfied by the body forces. The latter 
as well as the external stresses will be as- 
sumed known. 

F'g- 11- Consider whether under these conditions 

plane deformation of the cylinder is possible. 
For this it is necessary and sufficient that the equations (25.1) and (25.2) 
have solutions u, v, A*, Yy, Xy, satisfying on the sides of the cylinder 
the boundary conditions 

A* cos ( m , x) Xy cos («, y) — X„, 

Yg cos (n, x) + Yy cos («, y) = Y„, 



(25.4) 
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where X„, Y„ are the known components of the external stress vector,' 
acting on the side surface, and n is the outward normal; the condition 
(25.4) is obtained from (3.2) which gave the stress vector acting on the plane 
with normal n. (The third of these formulae is identically satisfied, since, 
by hypothesis, Z„ = 0, — Z„ — 0 and cos (n,z) — 0 on the ends.) 

One is thus led to a problem, completely analogous to the first funda- 
mental boundary value problem of the theory of elasticity in the general 
case (§ 20) ; but one is dealing here with a simpler case, because the un- 
known functions u, v, X^, Yy, Xy depend only on the two variables x 
and y and, instead of considering the entire region occupied by the body, 
one may restrict the investigation to one of its sections in a plane, parallel 
to Oxy. In other words, one is dealing with the two-dimensional analogue 
of the problem of § 20. 

Under certain general conditions, referring to the shape of the cro.ss- 
section of the cylinder, it may be shown (cf. Part V) that the two-di- 
mensional problem has always a solution which is unique, provided the 
resultant of the body forces and the stresses acting on the sides is .static- 
ally equivalent to zero. 

Let u, 7', X^, Yy, Xy be the solution of the two-dimensional problem. 
Calculating Z, from (25.3) and assuming w — — Zy — 0, one obtains 

the solution satisfying all the conditions above. It is seen that the ends 
of the cylinder are not free from stresses, but that they are subject to 
normal stresses. In fact, the normal stress Z. acts on the upper and 
( — Zj) acts on the lower end, where, for simplicity, the end facing in the 
positive z direction has been called "upper”. Application of these stresses 
is seen to be necessary for the maintenance of plane deformation. As 
has been stated, the given body forces and stresses, acting on the sides, 
determine the functions u, v, X^, Yy, Xy, and hence also Zj. Thus the 
choice of the longitudinal stress is not arbitrary. 

At first sight, this fact seems to reduce the value of the study of plane 
strain. But in practice this inconvenience is very easily removed in the 
case of a long cylinder (the height of which is large compared with the 
transverse dimensions). In fact, in order to remove the above stresses on 
the ends, it is sufficient to superimpose on the obtained solution the 
solution of the problem of the equilibrium of the cylinder under the con- 
dition that the sides are free from external stresses and the ends are sub- 
ject to' tractions equal in magnitude and opposite in sign to those which 
are to be removed. 

Consider these latter tractions, exerted on one of the ends; since 
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they are parallel to the axis Oz, their resultant is statically equivalent 
to a force parallel to the same axis, acting, say, at the centroid of the end, 
and a couple the plane of which is likewise parallel to Oz. The re.sultant 
of the stresses, acting on the other end, is statically equivalent to a force 
and couple, statically balancing the former. But the question of the 
elastic equilibrium of a (long) cylinder under the influence of tractions, 
applied to the ends and statically equivalent to a tensile force and 
a bending couple, belongs to a number of very simple problems of the 
theory of elasticity and can be solved by elementary methods (cf. Part 
VII). Therefore one can always remove the tractions on the ends by very 
simple means. 

Thus, from the solution of the problem of plane strain of a cylinder 
under tractions of the stated type, applied to the side surfaces, one obtains 
the solution of the problem of equilibrium of a cylinder under the influence 
of the same forces, but subject to the conditions that the ends are free 
from stresses; in this latter case, generally speaking, deformation will 
no longer be plane, v/ 

§ 26. Deformation of a thin plate under forces acting in its 
plane. The equations of the plane theory of elasticity apply also to 
another case, yet more important in practice, namely to the case of thin 
plates for definite types of loading. 

By a plate will be understood a cylinder of very small height or thickness 

2h. The middle surface of the plate (i.e., 
the plane parallel to the ends and half 
way between them) is taken as the plane 
Oxy (Fig. 12). 

It will be assumed that the faces are 
free from external stresses and it will be 
postulated that the external stresses 
acting on the edges are parallel to the 
faces and symmetrically distributed with 
respect to the middle surface. The same 
will be assumed to hold true for the body forces. From the practical point 
of view, it is sufficient, as far as the stresses acting on the edges are 
concerned, to assume that the resultant of the stresses acting on any 
element of the edge, included between the two faces, is statically 
equivalent to a force, applied at the centre of the element and lying 
in the middle surface; in fact, by St. Venant’s Principle (§ 23), every such 
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resultant may be replaced by a statically equivalent resultant satis- 
fpng the earlier conditions. 

For reasons of symmetry, it is obvious that the points of the middle 
surface will remain in it after deformation, that the displacement com- 
ponent w will be very small and that the variations of the components 
u and V over the thickness of the plate will be insignificant. Therefore 
it is clear that it is possible to obtain a completely satisfactory represen- 
tation of the elastic equilibrium of the plate by considering the mean 
values of the quantities u and v over the thickness of the plate; these 
mean values which will be denoted by w* and v* are defined by 

4 h 

u*{x, y) -= j u{x, y, z)dz, v*{x. y) == j v{x, y, z)dz. 

- h —h 


By assumption, the functions Xt{x, y, z), y, c) and Z,(a', y, z) 

vani-sh on the ends, i.c., for z = ^ A (since the ends are free from external 
stresses). Therefore it follows from 


that 


dZx dZy 0Z* 
dx dy dz 


dZy 

dz 


0 


for z = d: In fact, it follows from Z,(x, y, ± A) = 0 that 


and similarly, that 


dZy.(x, y, ± h) 
dx 

dZy(x, y, ± h) 
dy 


Thus the quantity Z,(x, y, z) is not only zero for z = d: h, but also its 
derivative with respect to z vanishes for these values. Therefore it is 
obvious that Z, will be a very small quantity throughout the thickness of 
the plate and one may assume, as a good approximation, that Z, = 0 
everywhere. 

Consider now the equations 


dx. 

dx 


dXy dXy 

+ -^+ ,- + x 

oy az 


0. 


ay, dYy dYy 
— f j Lj 1 

Bx By Bz 


+ Y 0, 
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and take the mean values of both the.se equations, i.e., integrate them with 
respect to z from — hto-\-h and divide by 2h. One has 

i- h 4- h 

T I =- = 0, 

2h J dz ^ 2h J <!z ^ 


and hence the preceding equations become 


dX* dX* 

__ I / / 

dx dy 
Further, it follows from 


+ X* - 0, 

dx cy 


dY* 

dx 


ay* 

+ + y^O. (26.1) 

cy 


( dii dv dw \ 

I — j 

\ ex cy dz / 


dm 

+ 2[x— ^ ~ ~ 0 

(Z 


that 


dw 

dz 


X 

X + 2f/. 


/ dii cv \ 
\ a^; ^ dy ) 


dw 


Substituting this value of - m 

(^Z 


dv 

cw'^ 


( du 

CV ^ c w\ 

+ [“ 

cy 

dzj 

+ - ' 

^ cx 


dy dz / 


^ » 

dy 

one obtains 

■ ^ i + 2^ bi + ''?'yj + 8* ■ ’ “ r+T^ b» + 1 

Taking the mean value of these two equations and of the equation 

‘^Uy W’ 


one finally finds 


du^ dij^ 

xt = x*e* + 2ixb^. y* = x* 0 * + 2(jt--- 


x*== 




where 


/ du* dv* 

1 

dy dx 


)• 


(26.2) 


X* 


2X(x 


Ea 


6 * 


X + 2tJL 1 — <t2’ 

du* dv* 
dx dy ' 


(26.3) 
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Comparison of (26.1) and (26.2) with (25.1) and (25.2) shows that 
the mean values of the displacement components «, v and the .stress 
components X^, Yy, Xy satisfy the .same equations which govern the case 
of plane strain, the only difference being that one has to replace X by X* 
defined in (26.3). 

Following A. E. H. Love [IJ (§§ 94 and 146), the stressed .state of a 
plate, for which Z^ — 0 everywhere and X^, Yg vanish on its faces, will be 
called “generalized plane stress”. Such a state of stress was first con- 
sidered by L. N. G. Filon [1] (cf. also; Filon [2], E. G. Coker and Filon [1]) 
who established the above equations for the mean values. These equations 
are, of course, applicable to plates of finite thickness. It has been seen 
that for thin plates and under the conditions, stated above, the state of 
stress may, with good approximation, be assumed to be one of generalized 
plane stress. For further justification of the assumption that in the case of 
a thin plate: Z, — 0, reference maybe made to J. H. Michell [1] who fur- 
nished additional evidence with regard to this point. 

Let ds be any line element in the plane Oxy. Consider a rectangular 
area of height 2h, perpendicular to Oxy, the trace of which in that plane 
is ds (Fig. 12). The components of the mean stress, acting on this area, 
in the directions Ox, Oy are 

X^ds, Y*ds, 

where 

A'* = X* cos {n, x) -f- X* cos (w, y), 

Y* = y* cos (», X) 4- y* cos (n, y), (26.4) 

and n is the positive normal. 


§ 27. Basic equations of the plane theory of elasticity. It has 

been seen that in the two cases, considered in § 25 and § 26, one is led to 
the study of the following system of equations: 


dX^ 

dx 


dXy 

+ - -h A - 
oy 


0 , 


ayx SYy 

dx dy 


+ y --0. 


(27.1) 


Xg, = X6 “t-2(i 


du 

dx’ 


y y = X6 -1- 2(1 


dv 



du dv 
dx"^ dy' 


(27.3) 


where 
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In the case of generalized plane stress (§ 26) the components of dis- 
placement and stress have to be replaced by their mean values over the 

2’k[L 

thickness of the plate and X by "k*— — . 

X -f- 2(x 

Since all quantities depend only on x and y, consideration may be 
limited to points of the plane Oxy. Therefore, when talking, for example, 
of a region occupied by a body, one will have in mind a two-dimensional 
region, i.e., the intersection of the considered body with the plane Oxy ; 
further, instead of talking about tractions acting on areas, one will speak 
of tractions acting on line elements of that cross-section. 

As in Part I it will be assumed that the components of displacement are 
single-valued continuous functions with continuous derivatives up to and 
including the third order throughout the region occupied by the body. 
Then, by (27.2), the stress components will be single- valued functions 
with continuous second order derivatives. 

Just as in § 21, the system (27.1) and (27.2) may be replaced by one 
involving only displacements. For this purpose one has only to put w ~ 0 
in the equations of § 21, or simply to substitute from (27.2) in (27.1). In 
either way one finds 


ae ao 

(X -f- [i) [xAt# -f- A = 0, (X -p (i) -f Y 


-0, (27.4) 


where 


02 a* 


Having found some solution of this system, the corresponding stresses 
are obtained from (27.2) by differentiation. 

It is likewise not difficult to form the equations which involve only stresses. 
It is now seen that these equations comprise the equations (27. 1 ) and one 
supplementary equation which replaces in the present case the six 
conditions of compatibility of Beltrami-Michell. This additional equation 
expresses the condition which must be fulfilled so that one may find, 
corresponding to functions A,, Yy, Xy satisfying (27.1), functions 
M, V related to X^, Yy, Xy by (27.2). This condition may, of course, be 
obtained as a particular case of the general compatibility conditions, 
but it will be deduced here independently in two ways. 

The first method is based on St. Venant's conditions of compatibility, 
as was the deduction of the conditions of Beltrami-Michell in the general 
case. Thus in the case of plain strain, when c*,,, Cyy and are independent 
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of z and = c,* = e** — 0, the conditions (15.6) obviously reduce to 

3^2 0^ 0y ' 


Substituting here the expressions 

™ ^V’ 

2(1 


(27.5) 


deduced from (27.2), one easily obtains 


dKX, d^Y, 

(V 






(27.6) 


This is the required condition. It may be considerably simplified by 
taking into consideration that Xg,,Yy,Xy satisfy (27.1). In fact, dif- 
ferentiating the first equation of (27.1) with respect to x and the second 
with respect to y and adding, one finds 


^ 02y, 0x ay 

2 - - - 4 - - 4 . 

dx dy dx^ dy^ dx dy 


Substituting this expression for 
some obvious simplifications, 


dxdy 


in (27.6) one obtains, after 


A(A^ + y,) - 


2^ ±[i) /a.Y 
X -f- 2[x \ 0x 



(27.7) 


The second method of deduction of (27.7) is based directly on 
the equations (27.1) and (27.2) and it presents at the same time a 
method for calculating displacements from given stress components 
(or, what is the same thing, strain components). It is more elementary and 
more convenient in practice than the one given in § 15 for the general 
case. 

Since it is desired to find conditions which must be satisfied by the 
stress components A"*, Yy, Xy, so that there exist functions w, v, related 
to the former by (27.2), it will now be attempted to actually calculate 

'Iheory of Elasticity 


7 
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u, V from (27.2), assuming that X,, Y,, Xy represent a given solution of 
(27.1). 

The first two equations of (27.2) may be written 




(27.5') 


Let (a, b) be an arbitrary point of the body. For the pre.sent, consideration 
will be hmited to points lying inside some rectangle with centre {a, b) 
which lies completely inside the body. Putting P = X„+ Yy, one finds 
from (27.5') 


a 

V 

2^ •(*. y) =j{y. - dy + /.(*). 


(27.8) 


where /^(y), f^{x) are functions, at present unknown. The expressions 

(27.8) satisfy (27.5'), i.e., the first two relations of (27.2). 

In order to satisfy the third equation of (27.2), substitute in it from 

(27.8) . Differentiating under the integral sign, one obtains 



This equation may only be satisfied, if the left-hand side can be conceived 
as the sum of two functions one of which depends only on x and the other 
only on y. For this to be so, it is necessary and sufficient that the second 

derivative left-hand side is identically zero. Applying this 

criterion to (27.9) one finds equation (27.6), and hence (27.7). 

If (27.7) is fulfilled, then the left-hand side of (27.9) has the form 

Pi{y) + Pti*) 
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and (27.9) leads to the condition 

which is only possible if both sides are equal to one and the same constant 
to be denoted by 2(jie. Then, by the last equation, 


V 

/i(y) = —j Fi{y)dy — 2ttey + 2|ia, 

h 

X 



(x)dx + 2\izx 4- 2(jlP, 


a 


(27.10) 


where a, 3 are arbitrary constants. Substituting from (27.10) into (27.8) 
one finds expressions for u and v which are definite apart from terms of 
the form 

u' = — ey + a, v' = ex + fJ, (27.1 1) 


where a, p, e are arbitrary constants. These terms express only rigid body 
displacement (in the plane Oxy) and they do not influence stresses and 
strains. The constants a, p, e attain definite values, if one assumes as 
given the values of the components of displacement u, v and of rotation 


r = 



0m\ 
0y / 


(27.12) 


at some point of the region under consideration, e.g. at (a, b). 

So far consideration has been hmited to points (x, y) lying inside a 
rectangle with centre (a, b) which is entirely inside the region occupied 
by the body. In order to find values of u, v at other points of the region, 
one has to select some point («', b') inside that rectangle and near its 
boundary and to construct a second rectangle with («', b') as centre. 
This rectangle must again be chosen in such a way that it does not leave 
the region occupied by the body, although it will extend beyond the bound- 
aries of the first rectangle. In this way one may find the values of «, v 
at all points of the . second rectangle by the method presented above. In 
order that the values of u, v, obtained in this manner, agree in those parts 
common to both rectangles, one has to select the arbitrary constants, 
entering into the formulae for the second rectangle, so that the values of 

V and r at («', 6') coincide with those calculated for this point from 
the formulae for the first rectangle. Hence it is seen that the formulae 
for the second rectangle will not involve any new arbitrary constants. 



100 


II. PLANE THEORY OF ELASTICITY 


§27 


By repeating this procedure sufficiently often one may calculate the 
displacements for any point of the body. (This method may be compared 
with the well known process of analytic continuation of functions of a 
complex variable.) 

However, there arises the following question. Let y^) be some 
point of the body different from the initial point {a, b). In order to calculate . 
the values of w, v at {x^, y^), one has, by the above method, to construct a 
set of rectangles, partly covering each other, the first of which is the 
rectangle with centre {a, h) and the last a rectangle containing {xy, y^). 
But there is an infinite number of such sets. The question is then wliether 
the particular choice of one of these sets will influence the values of w, v 
at {Xy, yy) ; in other words, whether ti, v will be single-valued functions 
of 

This question is easily resolved by methods differing from those of 
the present section, using formulae expressing the displacement compo- 
nents w, V in terms of the stress components Yy, Xy by means of 
curvilinear integrals taken along arbitrary curves linking the })oints 
{a,h) and {Xy,y^, These formulae follow^ from (15.4) by putting there 
w ~ eyz ~ ^zx — - ^zz == 0 by replacing the components of strain 
^xxf ^vvf by their expressions (27.5) in terms of the stress components 
jB, Yy, Xy, Proceeding in quite an analogous manner as in § 15, it is easily 
verified that u, v are necessarily single-valued functions, provided the 
region occupied by the body is simply connected. 

In the case of multiply connected regions the components u, v may 
be found to be multi-valued functions, in spite of the fact that (27.7) is 
satisfied. Therefore, in the case of multiply connected regions, (27.7) must 
be supplemented by a condition of single-valuedness of displacements, 
where, of course, it has been assumed that the stress components are 
always single-valued functions. Later on this question will be considered 
in greater detail. 

The necessity of the condition (27.7) may also be inferred in the following manner : 
Differentiating the first of the equations (27.4) with respect to x and the second with 
respect to y and adding, one obtains 

/ dX hV \ 

(X + 2^)AO + {~.+ .--~)^0. 

Further, noting that by the first two relations of (27.2) 

0 =. £* .tZi 

2(X + (i) 

and substituting this value of 0 in the preceding equation, one obtains again (27 7)./ , 
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§ 28. Reduction to the case of absence of body forces. The solution 
of the equations of the plane theory of elasticity is considerably simplified 
in the case of absence of body forces, i.e., when X = Y = 0. On the other 
hand, the general case may always be reduced to the last ; for this purpose 
it is sufficient to find any particular solution of the system of equations 
(27. 1) and (27.2). Let such a particular solution. 

Putting 

= X”> + etc., M = etc., (28.1) 

it is seen that the functions X^‘\ . . ., satisfy the same equations as 
X*, . . .,v, but for X — y —0. 

The determination of particular solutions X^‘’\ . . ., will be limited 
here to two cases which cover most practical applications; the case 
of gravity and the case of centri jugal forces for rotation about an axis parallel 
to Oz. However, the determination of a particular solution for arbitrarily 
given body forces does not present any particular difficulties. 

In order to find the particular solutions, one may, from a point of view 
of convenience, either use the equations (27.1) and (27.7) which involve 
stresses or the equations (27.4) in terms of displacements. The first set 
of equations will here be used for the problem of gravity forces and the 
second for the case of inertia forces. 

Consider first the case of gravity forces. Assuming that the axis Oy 
is directed vertically upwards, one has X = 0, Y — — gp, where g 
is the gravitational acceleration and p is the density which will be as- 
sumed constant. 

Therefore (27.1) and (27.7) take the form 


dX, 

dx jiv 


= 0 , 




A(X, H- y,) 0. 


Clearly these equations will be satisfied by putting, for example, 


X* = = 0, y^ 


piy- 


(28.2) 


The displacements corresponding to this particular solution may be 
calculated in the manner stated earlier. In fact, by (27.8), 


2(iu 

2iiv 


-I 


'^pgy 
2(X + 


dx 




2(X + V-) 


pgydy 


2(X + H*} 
X 2{jl 
4(X n) 


xy + fi{y). 
pgy^ 4 - fiix). 
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Substituting these values in 

’ dv 


f dv du\ 


AT, = 0, 


one obtains the equation 


X + f'liy) 4 - fiix) = 0 


+ (a) 

which may be satisfied by putting, for example, 


fi(y) = 0 . h{x) = 

Thus, one has for the displacements 

X X -f- 2(x 


4(X + f^) 


x-‘. 


4(i(X + (i) 


pgxy, V : 


-pgy^ + 


8(i.(X + (j.) 


8|i(X + |a) 


pgx^. 


(28.3) 


Next use (27.4) to solve the problem of inertia forces. If the body is 
rotating uniformly about an axis, perpendicular to the plane Oxy and 
passing through 0, the inertia (centrifugal) forces are given by 

X = pci^x, Y = pci)®y. 


where co is the angular velocity. Hence (27.4) takes the form 

30 30 

(X + (x) — 1- (xAm + = 0, (X + |x) 1- (xAu 4* == 0. 

cx oy 


It is easily seen that these equations will be satisfied by expressions of the 
form 

u — ax^ + bxy^, v = ay® + bx^y. 

In fact, substituting these values in the preceding equations, it is seen 
that both will be satisfied, if 


or 


2(3a + 3) (X + 2[i.) + pw® = 0, 


3a "f“ ^ 


pto® 

2(X + 2jx) 


(28.4) 


Thus one of the constants a, b may be chosen arbitrarily. For example, 
put 
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in which case the displacement is purely radial, since then 

.A 


u = 




{x^ + 'f‘)x, V 


p(0‘ 


8(X + 2(ji) ' ' ^ ' 8{X + 2^) 

The corresponding stresses are given by 

X, = . p(02(*2 1 yi\ 

4(X + 2pi) ^ ^ 2(X + 2(x) 


{x^ + y^)y. ( 28 . 5 ) 


P«2«2 


y„ = 2X + [i + y2) _ P(,)2y2, 

4(X + 2pi) ^ ^ ' 2(X + 2(i) ^ 


X. 


[Apw- ^ 

--2;y.x^- 


2 {X + 2 [a) 


( 28 . 6 ) 



Chapter 5 


STRESS FUNCTION. COMPLEX REPRESENTATION OF THE 
GENERAL SOLUTION OF THE EQUATIONS OF THE PLANE 
THEORY OF ELASTICITY 


§ 29. Stress function. In the sequel (unless stated otherwise) 
attention will be concentrated on the equations of the plane theory of 
elasticity when no body forces are present. In that case the stresses may 
be expressed by means of one single auxiliary function which is called 
a stress junction or Airy junction and which plays an important part in 
the plane theory of elasticity. 

In fact, under the conditions considered, one has 


dx dy ’ dx dy 


(29.1) 


The first of these equations represents the necessary and sufficient con- 
dition for the existence of some function B(x, y) such that 

8B 8B 

Y Y 

dx dy 

The second of the equations (29. 1) is the necessary and sufficient condition 
for the existence of some function A{x, y) such that 


BA 

Bx 


= Y. 


BA 

By 


-X«. 


Comparison of the two expressions for shows that one must have 

BA __ BB 
By Bx ’ 

whence follows the existence of some function U {x, y) such that 

^ ~ "aA: ’ ^~'By' 

Substituting these values for A and B in the preceding equations, it is 
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seen that (in the absence of body forces) there always exists some function 
U (x, y) by the help of which the stresses may be expressed in the following 
manner: 




a2[/ 

3y2 


A' - 


d^U ^ _ d^u 

dxdy’ “ dx^ 


(29.2) 


This fact was first noticed by G. B. Airy (1862). The function U is called 
a stress function or Airy function. 

Since, by a hypothesis in § 27, the functions X^, Yy, Xy are single- 
valued and continuous together with their second order derivatives, 
the function U must have continuous derivatives up to and including the 
fourth order and these derivatives, from the second order onwards, must 
be single-valued functions throughout the region, occupied by the body. 

Conversely, it is obvious that, if U has these properties, the functions 
Xx, Yy, Xy, defined by (29.2), will satisfy (29.1). However, it is known 
that this docs not yet mean that these functions correspond to some 
actual deformations. For this purpose also the condition (27.7) must be 
satisfied which in the absence of body forces becomes 


or, noting that 

one obtains the equation 
^^U = 0 or 


A(A% +Yy)==0-, 
Xx + Yy=^ AU, 


(29.3) 


d*U d*U d*U 

dx* ^ By® dy* 


0. (29.4) 


Equation (29.4) is called biharmonic and its solutions biharmonic functions. 
J. C. Maxwell was the first person to notice that the stress function must 
satisfy (29.4), 

However, in the sequel, biharmonic functions will be understood 
to be only functions, which satisfy the biharmonic equation, the der- 
ivatives of which are continuous up to and including the fourth order and 
the derivatives of which, starting from the second order, are single-valued 
throughout the region under consideration. 

If the considered region is simply connected, single-valuedness of the 
second derivatives implies that of the function itself. In multiply con- 
nected regions, however, this is not necessarily so, as will be shown later. 

Thus it has been proved that the stress functions must be biharmonic. 
It is known that this condition, which is nothing else but the condition 



106 


II. PLANE THEORY OF ELASTICITY 


§30 


(27.7), is also a sufficient condition that the corresponding stresses may be 
produced by some actual deformation, if for the time being no impor- 
tance is attached to the fact that the corresponding displacements may 
(in the case of multiply connected regions) turn out to be multi-valued. 

NOTE. In § 27 some restrictions have been imposed on the con-: 
sidered displacements and stresses. In fact, it has been agreed to assume) 
that the functions u, v are single-valued and have continuous derivatives s 
up to and including the third order; the continuity and single- valuedness 
of the stress components and their derivatives up to the second order 
was a direct consequence of the relations 

,, ( dv du\ 

X* = X0 + 2[x— -, I „ = XO -b 2ti--, A„ = + (29.5) 

From the point of view of certain deductions of a general character 
it is convenient to relax these conditions slightly. Thus, everything to 
be said below will remain true, if from now onwards the following con- 
ditions are introduced : 

a) Conditions referring to stresses. The components Xx, Yy, Xy are 
single-valued continuous functions having continuous derivatives up 
to the second order and satisfying equations (29.1) and (29.3). A con- 
sequence of these conditions is that the function U is biharmonic (in the 
sense stated above). 

b) Conditions referring to displacements. The components u, v are 
single-valued, continuous functions having first order derivatives con- 
nected with the stress components by (29.5). 

It will be seen below that the conditions a) ensure the existence of 
derivatives of any order of the functions Xx, Yy, Xy; furthermore, it 
will be seen that these functions are analytic (cf. § 32). 

Similarly, the conditions b) together with a) ensure the existence of 
derivatives of any order of the functions «, v (cf. § 32) (and even their 
being analytic). Note that in many cases it is sufficient to adopt the 
preceding conditions, omitting the condition of single-valuedness of the 
functions u, v. For example, in the case of simply connected regions this 
single-valuedness is a necessary consequence of the remaining con- 
ditions a) and b) ; this follows from the results of the next section. 

§ 30. Determination of displacements from the stress function. 

If a (biharmonic) stress function U be given, the corresponding stresses 
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follow from the formulae of § 29, viz. : 

Y - ~ V - -- y - _ • 

"“‘ay2' ”“1^2'' ^ aTSy’ 


(30.1) 


the displacements, corresponding to these stresses, may be found by the 
methods of § 27. However, different formulae will be given here which 
are more convenient than the former and which were first stated by 
A. E. H. Love [1] who obtained them in a somewhat different manner. 

Let the region S, occupied by the body, for the time being (up till § 35) 
be assumed to be simply connected (cf. § 15 and Appendix 2 for a definition 
■of connectivity) . I'he present problem is to find functions u, v from the 
equations 


>.0 -+ 2y. 


Cu 

dx 


a^U 
”ay2 ' 


X0 "b 2[i. 


cv 


cy 


d^U 



(30.2) 


The first two of these equations, solved for 

du dv 
‘?y ’ 

give 


2(x 


cu 


dHJ 


dx ay2 2(X + |i,) 
Introducing the notation 


ALL 2[i 


cv 

dy 


AU = P, 


d^u 

dx'^ 


d^U 


2(X (i) 


d^u 


AU. 


(30.3) 


replacing in the first of the above equations by P ■ and in 

o . ^ ^ d^u ^ 

the second by P — one obtains 

dx^ ^ ay® 


du 


a®{7 


dnj 

2(x + b) 


a®c/ X + 2 n „ 

(30.4) 


ax® ' 2(X 4- fJi) ■ ’ c!y ay® ■ 2(X + p) 

From (30.3) the function P is seen to be harmonic, because 

AP = AAU = 0. 


Let Q be the harmonic function, conjugate to P, i.e., the function 
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satisfying the Canchy-Ricmann conditions 

dP _dQ dP _ dQ 
?x dy ’ dy dx ’ 

this function is determined for a given P apart from an arbitrary constant 
term (cf. Appendix 3). Then the expression 

/(-) == Pix, y) + iQ{x, y) (30.5^ 

will represent a function of the complex variable z ~~ x ty, holomorphic 
in the region 5 occupied by the body. 

A function, holomorphic in a given (simply or multiply connected) region, will 
always be understood to be sini^lc-vahtcd. In the sequel, an analytic function of the 
complex variable x: in a given region .S' wull be a function which may be multi- 
valued, but each continuously varying branch of which will be holomorphic (and, 
hence, single-valued) in any finite simply connected part of S. The word ,, analytic’' 
means that such a function (or rather every branch of it) may be developed in the 
neighbourhood of any point a of the region .S into a series of the form 

Aq H- Aj(z — a) -f A2(z — a)^ -f. 

Sometimes a function, analytic in 5, wall be understood to be a function, analytic 
(in the above sense) in a region obtained from S by the exclusion of certain definite 
points; in such cases the necessary stipulations will always be made. 

Furthermore, put 

<p(z) :=p + iq-^l-l f{z) dz. (30.6) 

Obviously 

dp dq 


whence, noting that by the Cauchy-Riemann conditions 


one obtains 

dp 

dx 


dp dq dp dq 

cx dy cy ox 



dp 

dy 



(30.7) 


P = 




Thus 
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and hence (30.4) may be written 

^ 2(X + 2[i) dp dv d^U 2(X + 2(x) dq 

^ dx dx^ X + ^ X + 


Integrating, one obtains 
2[x« = 


2iiv — 



du 

c’v 


2(X + 2(x) 
X + [A 

2(X + 2(ji) 
X + [X 


P + fi{y)’ 


9 + fiix). 


Substituting these expressions in the third of the equations (30.2) and 
noting that 

-% ?-„0. 

cy cx 

one finds 

f [{ y ) + /;w 0. 


and hence (cf. § 27) that the functions /,(y) and f^ix) have the form 
= 2[i,( — ey + a), fi — 2[i(ex + p), 


where a, p, s are arbitrary constants (the factor 2(ji, having been in- 
troduced for convenience). Omitting these terms, which only give rigid 
body displacement, one obtains formulae coinciding essentially with 
those of A. E. H. Love [IJ: 


„ dU 2 (X + 2 (x) 

2 |i, « =r — -f — rJ. 2(1 V 
dx ^ + p. 


dU 2(X -b 2fi) 

+ ------ -q. 


(30.8) 


Since the function cp(z), defined by (30.6), is obviously holomorphic 
(cf. Appendix 3) in S (which, as wall be remembered, was assumed simply 
connected), the functions u and v wall be found to be single- valued 
throughout S. 

Thus it is seen that every biharmonic function, subject to the con- 
ditions of § 29, determines .some deformation satisfying all the required 
conditions. 



§ 31. Complex representation of biharmonic functions. It will 
now be shown that every biharmonic function U(x, y) of the two variables 
X, y may be represented in a very simple manner by the help of two 
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functions of the complex variable z — x + iy. This fact is of greatest 
importance for the theory of the biharmonic equation and, in particular, 
for the plane theory of elasticity, since the properties of functions of a 
complex variable are generally well known. 

The function 

cp( 2 ) = p + iq 


has already been introduced by (30.6). It is easily verified directly, 
using (30.7), that the function U — px — 5’y is harmonic, i.e., that 


A(f7 — px — qy) — 0. 

Hence 

U = px-]- qy + pi, 


where p^ is some function harmonic in the region 5 under consideration. 
Now let yjz) denote the function of the comple.x variable z, the real 
part of which is p^. (In order to find x(~), one has to calculate the harmonic 
function q^, conjugate to ^j.) If the region S is simply connected, the 
function x(-) will be holomorphic there. 

Obviously one may then write 

C7 = SR{i<p(0) + X(^)}. (31.1) 

where 91 denotes “the real part’’ and 

. z — X — iy, 

in general, if A is some complex number a + ib, then A will denote 
its conjugate complex value a — ib, so that, for example, 

<p(z) = p — iq. 

With this notation, (31.1) may be written 

2U = zf(z) + z<p(z) + x(z) + x(2)- (31-2) 

This is the required expression. It was first given by E. Goursat [2] in a 
somewhat different form, his method of deduction being likewise dif- 
ferent. However, in the sequel, no use will be made of this expression 
for U, but of expressions for its partial derivatives, since these derivatives 
have direct physical meaning. 

The method of deduction used by Goursat is as follows. Let there be given the 
equation 


AAl? = 0. 



CHAP, 5 


COMPLEX REPRESENTATION 


111 


Introduce instead of x and y the new variables z -- x + iy and "z -- x — iy\ 
then the preceding equation takes the form 




whence it follows directly that 

17 = 9i{ir) + 9^(5) + 

where <pi, (p 2 > Xi» X 2 "arbitrary" functions. This formal approach may be well 
justified, if one assumes beforehand that U is analytic. If U is a real function, it is 
easily seen that one must put 


hence one obtains (31.2). 

The proof, produced in the main text, wras first given by the Author [4]. It is 
somewhat lengthier than that of Goursat, but it does not assume beforehand that 
every biharmonic function is analytic. On the contrary, this last property follows 
from' (31.2). 


It is easily found that 
dU 

-■ ?(«) + 9 {") + + x'(^) + X'{^)> 

dU 


(31.3) 


2“- = «■[— ?(2) + Z9{-) + 9(^)— ^9'(2) + X'{‘) — X'(2)]- 


It is immediately seen from (31.3) that, instead of considering the 
expressions for 

dU dU 


dx ' dy ’ 

it will be more convenient to deal with the expression for 

dU . dU 

-f- t ■ 


dx dy 

which is by far simpler. In fact, one has 


dU dU 


(31.4) 


where 


'I'W 


«^x 

dz 


(31.5) 
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Returning to (31.2) it is noticed that, conversely, every expression of 
the form (31.2) represents a biharmonic function, if (p(z), x(2) are holo- 
morphic functions of z. In fact, differentiating the first of the equations 
(31 .3) with respect to x and the second with respect to y and adding, one 

finds 

AC/ == 2[9'( z ) + <p'(z)] = 49i[<p'(z)], (31 .6) 

and hence it follows that AC/ is a harmonic function. Consequently, 

AAC7 = 0. 

The formula (31.6) shows, in addition, that AC/ is completely determined 
by the real part of the function ^'(z). 


§ 32. Complex representation of displacements and stresses. 

Multiplying the second formula of (30.8) by i and adding it to the first, 
one obtains 


2[l{u + iv) ^ 


fdU 

'\dx 


dU .du\ 2(X + 2p) 

+ * "T" j + ' 

dy / X 4- [A 




whence one finds, by (31.4), the very important and convenient formula 
2 (jl(« + iv) = x9(z) — Z'y'(z) — t>(z) (32. 1) 


which essentially agrees with a formula, first stated by G. V. Kolosov [1] 
who obtained it in a different way ; in (32. 1 ) 

,, = h . =. 3 — 4u. (32.2) 

X ”1“ fr 


In the case of thin plates (“generalized plane stress”, § 26) one has to 
replace x by x*, obtained from (32.2) by substituting X* for X. Thus, in 
this case. 


X* 4- 3fx _ 3 — u 
X* 4” P 1 "b ^ 


(32.2') 


Obviously x > 1 , x* > 1 . 

Next consider the representation of the stress components by means 
of the same functions 9 and For this purpose an expression will be 
found for the forces acting on an element of any shape lying in the plane 
Oxy. 

Consider some arc AB in the plane Oxy. Let its positive direction be 
from A to B and draw the normal n to the right of the arc when looking 
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along it in the positive direction. In other 
words, postulate that the positive direction 
of the normal and the tangent are orientated 
with respect to each other as the axes Ox and 
Oy (Fig. 13). 

As always, the force (X„ds, Y„ds), acting 
on an element ds of the arc AB, will be 
understood to be the force exerted on the 
side of the positive normal. One has 


X„ = A, cos (n, x) + Xy cos («, y) = 


= Y* cos (n, x) 4- Yy cos {n, y) = 
But 


an/ 

dy'^ 

d^U 


cos {n, x)- 


d^U 

dxdy 


cos (m, y), 


dx dy 


d^U 

cos («, x) + ^ cos (n, y). 


cx‘ 


cos {«, x) — cos (/, y) 


dy 

ds’ 


cos («, y) 


cos {t, x) — 


dx 
ds ’ 


where t is the positive direction of the tangent. Introducing these values 
into the preceding formulae, one finds 


d ( 

?U\ 

d /dU\ 



ds\ 

II 

ds \ dx )’ 


(32.3) 

or in complex form 





^ d (?U 

.(iU\ 

d (W 

dU\ 


Xn + ™ 

ds \ ay 


~ds \?x + ' 


(32.4) 

or 

/du 

. dU\ 


(32.5) 


+ «-.— )• 



\ CX 

ry / 


Substituting from (31.4) in 

(32.5), one obtains 



(X„ + tY„)ds 

== — frf{(p(z) + ; 

:<p'(2) + ^z)}. 


(32.6) 


First let the element ds have the direction of the axis Oy. Then 


ds ~ dy, dz = idy, dz = — idy, Xn — -X'*, Y„ = Xy, 
and (32.6) gives 

+ iXy = 9'(2) + 7(F) — (32.7) 

Theory of Elasticity 


8 
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Next let ds have the direction of Ox. Then 

ds ~ dx, dz — dz = dx, X„ — — X^, ~ — Yy, 

and (32.6) gives, after multiplication by i, 

Yy — tXy - 9'{xr) + + <>'(2). (32.8) 

The formulae (32.7) and (32.8) are the required expressions for the 
stress components. Adding and subtracting (32.7) and (32.8) and rej)lacing 
in the latter case i by — i, one obtains the simpler formulae 

+ Y, - 2[9'(2) + - 491cp'(2) = 491(I)(2) 2[(!>{z) + <I)(2)], (32.9) 

y„ - A, + 2/A„ = 2[J<f.''(2) -f- <^'(2)] - 2(2-0'(2) + T(2)]. (32.10) 
0{z)^<f'{z), r{z)=--^'{z). (32.11) 

The very useful formulae (32.9) and (32.10) are likewise due to G. V. Ko- 
losov [1] who obtained them in a different manner without recourse to 
the stress function. 

The expressions, deduced here for the components of displacement 
and stress, show that these components, under the earlier stated con- 
ditions, are analytic junctions of the variables x, y inside the considered 
region, because the functions 9(^2:), 4^(2:), <I>(^), T(c) possess this property. 

A function of the real variables x, y is called analytic in a given region 5, if at 
each point y^^) inside 5 it may be developed into a (double) series of non- 
negative powers of {x — Xq), (y — y^), i.c., into a series of the form 

— ;ro)^(y— yo)«. 

VfQ 

(This definition may be extended to any number of variables). 

As is known, each function of tlie complex variable 2 zzzz x iy, holomorphic 
in a given region, is analytic in the sense that it may be expanded into series of 
non-negative powers of (z — z^) near any point x^ -}- iy^ of that region. On 
the other hand, it is ca.sily shown (cf. for example E. Gounsat [1]) that every analytic 
function of z ~ x iy is an analytic function of x and y. 

Finally, a remark will be made with regard to Non-Rus.sian work along the lines 
of this section. In a recently published paper, A. C. Stevenson [1] deduced formulae 
which, in e.ssence, agree with those of G. V. Kolosov and also with some of those 
obtained by the Author of this book, all of which have been published considerably 
earlier (not only privately, but also in journals well known outside Russia); 
however, no reference has been made there to this fact. 

In a still later publication, H. Poritsky [2] uses formulae which differ only in 
appearance from those , deduced above; in a rather vague reference the author 
ascribes some of these formulae to the Author, quoting his paper [8] of 1933. How- 
ever, no mention is made of the Author’s earlier work and of that by G. V. Ko- 
losov, although this work (w^hich contained the formulae used and had been 
published much earlier) is referred to in the quoted paper. 
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[The following statements were obtained by the translator from the two authors, 
referred to above, 

A. C. Stevenson wrote that at the time when he worked on the paper, quoted 
by the Author (i.e., 1939 — 40), he was admittedly ignorant of prior work along these 
lines. How^ever, in a paper of later origin, published rather earlier and not quoted 
in this book, he was equally clearly at pains to acknowledge the priority of Kolosov 
and Muskhelishvili by referring to a total of six papers by G. V. Kolosov, dating 
as far back as 1909, of four papers by N. I. Muskhelishvili the first of which appeared 
in 1919 and to the combined paper by both authors, published in 1915. 

H. Foritsky indicated that he deduced his formulae in 1931, although his paper 
was not published until 1945. By that time the Russian work had been given a fair 
amount of publicity in the II. S. A. and he quoted one of Muskhelishvili ’s papers 
merely for the purpose of acknowledging that he had been anticipated.] 


§ 33. Expressions for the resultant force and moment. Ex- 
pressions will be deduced here for the resultant force and moment of 
the tractions exerted on an arc AB (from the positive side). 

Let (X, be the resultant force. It follows from (32.5) and (32.6) that 

f rw cuy^ 

X 4 iYi = j (X„ + iY„)ds - 1 4 - i - 

AB ^ 

= - r[9(^) 4- Z9'i^) + (33. 1 ) 

where will always denote the increase undergone by the expression 
in the brackets as the point z passes along the arc from A to B. 

Next, a formula will be obtained for the resultant moment about the 
origin of the coordinate system. One has 


M==:j{xY„- -yX„)ds 

AB 

which, by (32.3), becomes 



AB 

integrating by parts, one finds 


Af = 


r w at/i® C{ 

■ x ~ — f- y -- — I -f 1 V 
L cx 


iind finally 


. ai7 , dU 

8yJ^+ii-to‘'*+ 

AB 




M 




ai7 dvY 
ax + ^-W\a 


+ M- 


(33.2) 
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But 


du du ^ 




and, by (31.4), 


dU ,dU - 

— 9{^) + ^9 i^) + '{'( 2 ). 


dx 


Further, 

U = m{Ecp{z) + yiz)l 

so that (33.2) becomes 

M = S{[x(r)--’t;.(.i + ~V(~)]'r 


(33.3) 


These formulae were first given in the Author’s paper [11]. 

Hitherto it has been assumed that tlie region .S is simply connected, 
and as a result the functions <p(;:), (j;(2). xi^) will be single-valued in 5. 
Thus, if A and B coincide, i.e., if the considered curve is a contour, the 
values of the.se functions will be the same at A and B, and hence one 
finds 

a: - y - M ---- 0, (33.4) 


as was to be expected. The formulae (33.4) expre.ss the fact that the 
sum of the external forces acting on a part of the body, contained inside 
any contour, is statically equivalent to zero.^ 

t 

§ 34. Arbitrariness in the definition of the introduced functions. 

The important question will now be studied as to how far the functions 
O, T, 9, (j' define the state of stre.ss or the displacements of points of the 
body. 

First consider the problem of the uniqueness of these functions for a 
given state of stress. Expressed in greater detail the problem is as follows. 
Let Al*, y„, Xy be the components of stress for some given state of ela.stic 
equilibrium of a body. As has been shown in § 32, there exist functions 
0(2), 'F(2) of the complex variable z which are related to X^, Yy, Xyhy 
the formulae 

X^-\-Yy=-4m{z). (34.1) 


Yy — X,-\- 2iXy = 2[iO'(2) + T(2)] ; (34.2) 


the questions are then; how completely are the functions 0(2), ^(^)» 
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and also the functions 

cp(2) = f<!>{z)dz, = [ ^{z)dz (34.3) 

detennined by the components X^, Yy, Xy and does there remain some 
arbitrariness in their choice? What is the degree of this arbitrariness? 

There is no difficulty in answering the.se questions. Let Tj, (p^, be 
some other system of functions, related to the given components X*, 
Yy, Xy and to each other by the same equations (34.1) to (34.3), as were 
the functions O, T, <p, i.e., 

X, 4- y„ = 49i(l)i(2), 

y, - X, + 2tXy = 2[i<I>;(2) + ^-^(2)], 

<Pl(2) ^ / ^>,(2)^2, <^,{Z) =f r,{z}dz. 

•/ 

Consider how the functions Oj, Tj, cp^, may differ from the functions 
4>, 'F, cp, (];. Comparing (34.1) with (34.1') it is seen that the functions 
0^(2) and <I)(2) have identical real parts; hence these functions may only 
differ by an imaginary constant Ci (cf. Appendix 3), so that 

<Di( 2) = <P(z} + a, (34.4) 

where C is a real constant. 

It follows from (34.4), (34.3) and (34.3') that 

cpi = 9(2) 4- Ciz 4- Y, (34.5) 

where y = a 4- ffi is an arbitrary complex constant. Further, noting 
that by (34.4): 0, (2) — 0'(2), comparison of (34.2) and (34.2') obviously 
gives 

^1(2) = T(2), (34.6) 

and finally, by (34.3) and (34.3'), one finds 

^,(2) ^ <i-(2 ) 4- t'. (34.7) 

where y' = a' 4- is an arbitrary complex constant. Thus one arrives 
at the following result : 

For a given state of stress the function V(z) is completely defined, the 
functions 0(2), 9(2), 4^(2) are defined apart from the terms Ci, Ciz 4- Y* 
Y' respectively, where C is a real and y, y' arbitrary complex constants. 


(34.1') 

(34.2') 

(34.3') 



118 


II. PLANE THEORY OF ELASTICITY 


§34 


Conversely, it is obvious that a state of stress is not altered, if one 
replaces 

<pW by + Ciz-{- y, 

where C is a real and y, y' are arbitrary complex constants. By this 
substitution <1)(2:) = (p'( 2 ) obviously becomes <I>(z) + Ci and T( 2 ) remains 
unchanged. 

Next investigate the question as to how far the arbitrariness of these 
functions is removed, if not only the components of stress hut also those of 
displacement are given. 

The components of displacement completely determine the stress 
components. Therefore it is clear that, when the former are given, one 
may not make substitutions different from those of the type [A). Consider 
how these substitutions affect the components of displacement which 
were seen in § 32 to be determined by the formula 

2\l{u + iv) = x 9 ( 2 ) — — '|i( 2 ). 

Direct substitution shows that 


where 


2y.{u + iv) becomes 2[i{ui iv^, 

2[x(«i + iVi) = 2[i(« -f iv) 4- (x + 1 )Cj> + y'{ — f', 


(34.8) 


and hence, putting y = a + '{' = a' + i^j , 

= « + «o. = 1’ + t'o' 


where 


(x 4" 1)^- yoL — a' 


2(2 


y 4-- 


2(x 


. ‘'0 


Vn= 


(x + 1)C x^ 4- (i' 


2(x 


X 4- - 


2(2 


(34.9) 
. (34.10) 


It is thus seen that the additional terms have the form 

«o = — ey 4- ao> Vo = sx 4- (34.1 1) 


where 


(x + 1 )C xa — a' xP 4" 

2(2 ’ ® 2(2 ’ ® 2(2 


(34.12) 


and that they express pure rigid body motion. This result had, of course, 
to be expected, since the displacements, corresponding to a given state 
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of stress, are uniquely determined apart from a term describing rigid 
body displacement. 

Formula (34.8) shows that a substitution of the form (/I) will affect 
the displacements, unless 

C = 0, xy — y' = 0. (34.13) 

Thus, for given displacements, it is impossible to select the constants 
C, Y , '{' arbitrarily; if, for example, one of the constants y. y' has been 
chosen, the other is determined by (34.13). 

The arbitrary constants, entering into the above functions, may be 
given one or the other value which may be convenient. Assuming, for 
simplicity, that the origin lies within the region S, occupied by the body, 
these constants will be chosen in the following manner (unless stated 
otherwise). 

When the stresses are given, the three constants C, y, y' will be chosen 
in such a way that 

9(0) =0, 39'(0) = 0, ^(0) = 0, <34.14) 

where denotes the imaginary part. 

The first of these conditions leads to a suitable choice of y, the second 
to that of C and the third to that of y'. These conditions obviously 
remove all arbitrariness as far as the functions 9 and 4* are concerned. 

When the displacements are given, a suitable choice of y will be assured 
by the condition 

9(0) = 0 (34.15) 

which will completely determine the functions 9 and 4^. 

Note still the following fact. It is obvious that the expression 

o r r ^TT 

- - -j- (p(-) -|_ z^\z) + (34*16) 

ex vy 

completely determines the state of stress of the body, since it determines 

0C7' 

the quantities , , and hence the second derivatives of U which 

ex cy 

specify the components of stress. Consider now the question as to wha,t 
conditions must be fulfilled by the constants C, y, y', so that the trans- 
formation (A) does not only leave the state of stress, but also the expres- 
sion (34.16) unchanged. 
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It is easily verified that, applying (A), this expression becomes 


dU . dU 

-^-.7 *-77- + Y + y- 


dU dU 

Hence, if — - — f- i— — be given, one must have y + Y = 0. Thus thfe 
ex cy ' 

constant C and one of the constants y and y' may be chosen arbitrarily; 

One may, for example, put 

9(0) = 0, $J{(p'(0)} = 0 (34.17) 

and in this way completely determine the functions 9 and (J'. 


§ 35. General formulae for finite multiply connected regions. 

Consider now the case when the region S, occupied by the body, is 
multiply connected. For simplicity assume that the region is bounded 
by several simple closed contours Lj, L^, . . ., L,„, (i.e., by contours 

which do not intersect themselves; for more detail see §37); the last 

of these contours is to contain all 
the others, as is shown in Fig. 14 
(e.g. a plate with holes). Further, 
assume that these contours have no 
points in common. 

It will be remembered that, by 
supposition, the components of stre.ss 
and displacement are to be single- 
valued functions. In spite of this fact 
the functions 9 and 4* may. this 
case, be found to be multi-valued. 
However, it will be noted , on the basis 
of the statements of the preceding 
sections, that these functions will be 
holomorphic and hence .single-valued in any .simply connected part of 
the region S occupied by the body. Thus the functions 9 and are 
analytic in 5 (cf. § 30). 

The above circumstances will now be explained in detail. Let S' be some simply 
connected part of S. One may define the functions 9. corresponding to a given 
state of elastic equilibrium of S', by (arbitrarily) fixing the undetermined constants 
introduced in § 34. These functions have been shown there to be holomorphic in S'. 
But if one continues these functions analytically beyond S' (remaining, of course, 
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in S), then, by describing a closed path and returning into S', one may not return to 
the former values of 9 and However, it is easily seen that the new values of these 
functions can differ from the old ones only by terms of the form stated in § 34 , 
because both values correspond to one and the same state of elastic equilibrium. 
This fact also follows from (35.10) and (35.11) below. 

The type of multi-valuedness of the relevant functions will now be 
studied. First of all, the formula 

X, + Y, = 49iO(2) 

shows that the real part of $(2:) is single-valued (since, by supposition, 
the left-hand side of the equation is so). But this does not yet mean 
that also its imaginary part is single- valued. In fact, for one circuit 
(e.g. anti-clockwise) around some contour surrounding one of the 
contours this imaginary part may undergo an increase where 
i^;tisareal constant (cf. Appendix 3). Introduce, instead of the constants 
Bi„ other real constants defined by 

Bk, 2 jzA k> 

Next consider the function 

(D*(.) = ^{z) -^Ak log [z - Zk). (35. 1) 

A; -1 

where z^, z^, . . . , denote fixed points, arbitrarily chosen inside the 
contours (i.e., outside 5). Since log — z^) undergoes 

an increase lizi when ^ passes once around Lk (anti-clockwise), the ex- 
pression Aklog {z — Zk) increases by 27tiAkl the remaining terms under 
the summation sign in (35.1) will revert to their former values. Hence 
0*(;:) returns to its original value for a circuit around any closed contour 
in S. 

Thus one has 


<D(.^) === S .4, log (z ~ Zk) + 0*(2r), (35.2) 

where <I>*(2) is holomorphic and hence single- valued in 5. Further, one 
obtains for 9(2:) 

9(‘2^) ^{z)dz + const. = 


Zo 

rn 

*”1 


z*) log {z — z,.) — (z — Zfc)} + / 0*(z)dz 4- const. 
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where is an arbitrarily fixed point of 5. But the integral j <I>*(z)<fzrepre- 

sents itself a function of the complex variable z which for a circuit 
of one of the contours may undergo an increase of the form 

2rzic^, j 

where c* is a constant which, in general, will be complex (and thd 
factor 2m has been introduced for convenience). Hence, proceeding as' 
before, one can write 


j <!>*{z)dz 


m 

= 2 C^: log (Z 


20 


Zf,) 3. single- valued function. 


Introducing this expression into the preceding formula and combining 
terms of the form {z — z^) and c^log {z — z^), one obtains 


(p{z) = z 2 log (z — Zt) + 2 Yfc log (z ■ 


.z») + <p*(z), (35.3) 


where <p*(z) is a function, holomorphic in 5, and y* are constants (which, 
in general, are complex). 

Finally, it is seen from 

y, — + 2iX, - 2[iO'(z) + 'F(z)] 


that T(z) is a holomorphic function. Whence it follows that the function 


4/(z) = I Y{z)dz, 

as before, may be written 

m 

4-(z) = 2 Yfc log (z — z^.) + 4/*(z), (35.4) 

fc=i 

where are certain (generally complex) constants and <j/’'‘(z) is a holo- 
morphic function. 

In an analogous manner one has for the function 


X(z) = / ^(z)dz 

the expression 

X(z) = ^ 2 Y* log (z — Zfc) -f 2 Yfc log (2 — z^) -f x*(z). (35.5) 
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where are (generally complex) constants and x*(2) is a holomorphic 
function. 

Hitherto no consideration has been given to the condition of single- 
valuedness of displacements. By (32.1) one has 

2\l{u 4* iv) = x(p( 2 :) — 

Substituting in this formula the expressions found above for 9(2) and 
4»(^), it is immediately seen that 

2 ( x[m + iv]u,. = 27tt'{(x + \)A^ + xy* + y^.}, ( 35 . 6 ) 

where [ ]//(. denotes the increase undergone by the expression in brackets 
for one anti-clockwise circuit of the contour Hence it is necessary 
and sufficient for the single-valuedness of displacements that in the 
formulae ( 35 . 1 ) — ( 35 . 5 ) 

At = 0, y.jk + y'l: = 0, k = \,2, . . .,m. ( 35 . 7 ) 

It will now be shown that the quantities y*, y^. may be very simply 
expressed in terms of X^.Y t, where (X^, denotes the resultant 
vector of the external forces, exerted on the contour Lt{k = 1,2, . . .,m). 
By ( 33 . 1 ), applying it to the contour L^, one has 

■ *-[<P(^) + 


In this formula it has been assumed that the contour is traversed in the 
direction for which the normal n points to the right. But in the present 
case the normal n must be directed outwards with respect to the region S 
(Fig. 14), because one requires the resultant vector of the external forces. 
Consequently, in the preceding formula, the contour must be traversed 
in the clockwise direction (assuming, of course, that the axes Ox, Oy are 
right-handed; see Fig. 14). Taking this fact into consideration, one easily 
obtains, using (35.3) and (35.4), 

fY. = -27r(y,-y;). (35.8) 

Formulae (35.7) and (35.8) give then 


+ iYk , AXk-iYk) 

2 |i(l -f- x) ’ 27r(l x) 


(35.9) 


Using (35.9) (and also the fact that At = 0), formulae (35.3) and 
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(35.4) may finally be written 

] m 

9{z) = — ,-7T-X T ^ log + 'P*W' (35.10) 

27t(l + x) fc=l 

V 

^ (Z,-iy,)log(z-z,) + 4'*(2)- (35.11) 

27u{ 1 + x) t=i I 

NOTE. It is clear from the deduction above (and also from physical 
considerations) that (X*., Y*.) represents the resultant vector of the forces 
exerted (from the relevant side) on any simple contour L'j^, surrounding Lj.. 

§ 36. Case of infinite regions. From the point of view of application 
the consideration of infinite regions is likewise of major interest. For the 
present the investigation will be limited to the case when the region S 
consists of the entire plane Oxy from which finite parts, bounded by 
simple contours, have been removed (infinite plate with holes). The boun- 
dary of -such a region consists of several simple contours Lj, L^, . . 
which is the limiting case of the region considered in the preceding sec- 
tion, when the contour has entirely moved to infinity. 

The formulae of § 35 hold, of course, for any finite part of 5. There 
only remains to study the behaviour of the functions <p and 4* in the 
neighbourhood of the point at infinity in the plane Oxy. 

Draw about the origin as centre a circle L,, with radius R sufficiently 
large so that all the contours Z-t lie inside Lj^. For every point outside 
one obviously has 

and hence 

log(z — 2 j) = l 0 g 2 + l 0 g^l— ^-) = log 2 — — — ... = 

= log 2 -f a function, holomorphic outside Lj^. 
Therefore, by (35.10) and (35.11), 


m 

= SX; 

fc -1 


k> 


m 

= sy* 

fc-i 


where 


(36.2) 
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and functions, holomorphic outside Lj^ with the 

possible exclusion of the point at infinity. Obviously X and Y are the 
components of the resultant vector of all external forces acting on the 
boundary of 5, i.e., on the union of the contours Lg, . . L^, 

A function will be called holomorphic at the point z cx), if in the neighbourhood 
of that point (i.c., for sufficiently large | <? |) it may be represented by a series of 
the form 


By the theorem of Laurent, the functions 9** (-2:) and may be re- 

presented outside Lj^ by the series 

cp**(2:) S ^ (36.3) 


which will converge uniformly for every finite region outside Lj^. The 
above theorem is known to hold for a function, holomorphic inside a ring 
bounded by two concentric circles and Lg, where may be shrunk 
into a single point and Lg may become infinitely large. 

This is all that may be said with regard to the functions 9 and unless 
additional conditions are introduced with respect to the distribution of 
stresses in the neighbourhood of the point at infinity of the plane. 

Introduce now the following condition: the components of stress are 
bounded throughout the regum S. Consider what must be the functions 9 
and in order that this condition is satisfied. 

By (32.9) and (32.10) 

Y„-2[9'(z)+7^], {a^ 

y, - + 2iX, = 2[F9''(z) + ^'{z)] . (b) 

Introduce into the first of these formulae the expression (36.1) for 
9(z), replacing <p**{z) by (36.3): 


Yv = 2 j 


X + iY 1 
27r(l + x) z 


X — iY 
2:i:(l + x) 


1 " 

+ S M(a„z"“^ 



The only terms which may grow beyond all bounds with | z | ari.se from 
the series 


S n(a„z»-i + = S 

n»2 n=»2 
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where = re^^. Whence it follows that for + Yy to remain finite, 
as r oo, one must have 

~ a„ ~ 0 {n > 2). 

Assuming this condition to be satisfied, it is easily seen in an analogous 
manner from (b) that it is neccesary and sufficient for the boundedness of 

^ y “b 

that 


remains bounded, whence it follows that 

a,=:0 {n > 2). 

Conversely, it is obvious that A"a:, Yy,Xy will be bounded, if these 
conditions are satisfied. Hence one has finally 


9(2) = 




.Y + iY 
27r(l -j- x) 

y.(X-^tY) 


2tc{\ -f- x) 


where 


log 2 + Vz -1- 9o(-). 

(36.4) 

log 2 + r '2 + (;;o(2). 

(36.5) 

r' = «; - + ic 

(36.6) 


are constants, generally complex, and ^o(^) functions, holo- 

morphic outside including the point at infinity, i.e., for sufficiently 
large | z | they may be expanded into series of the form 


<Po(^) = «o + ~ = «; + - - + -: + ••• (36.7) 

z z z z 

(where, for convenience, a, etc. have been written instead of a_,, a_ 2 , etc.) . 

On the basis of § 34 the state of stre.ss will not be altered by assuming 

~ 

i.e., 

(Po(oo) = 4<o(oo) = 0, 

and, in addition, 

C = 0. 


The real constants B, B', C, introduced into (36.4) and (36.5) by means 
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of r and r', have a very simple physical interpretation. In fact, it follows 
.directly from (a) and (b) that for oo 

lim (X^ + yj = 4B, lim (Y„ — X, + 2iX,) = 2T' = 2{B' + iC). (36.8) 
whence 


= 2B ~ B', = 2B + B', - C. (36.9) 

This means that in the neighbourhood of the point at infinity the stresses 
are uniformly distributed (or rather that their distribution differs from a 
uniform one by infinitely small quantities). Let N-^, be the values of 
the principal stresses at infinity and a the angle made by the direction 
of with the axis Ox. Comparing (36.8) with (8.12) one finds 

3ir - Zi = mi + 

r = B' + iC -- — mi — Ni)e 2'“. 

The constant C, which does not affect the stresses, may be related to 
the rotation of an infinitely remote part of the plane. The expression for 
the rotation is 

' cv 


4 


Ty) 


(cf. § 14, where it is denoted by r), whence, by (30.8), 

X -f" 2[jt, 


2(i(X + 


2(1 / dq ?^ \ 1 -f ^P\ 

f- (i) \ ?a: ?v / 4 [x \ ?.T Sy/ 

1 + X (f'(z) 


rp'iz) 


since, remembering that 
dp 

dy ~ 

one has 

dp , 3^ 


2(1 


2i 


dq dp . cq 

and • - - -f - 1 — — — 9 (z), 
dT dr dx 


ix 'sT 


dx 


2i 


[9'(2)-9'(2)]- 


It follows immediately from (36.11'), (36.4) and (36.5) that 

1 + 

2(1 


■C. 


3'nd hence 


2nee o 
1 +x' 


(36.11') 


(36.12) 
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It will be noted at the same time that the state of stress characterized 
by the linear functions i 

(p{z) — {B -{■ iC)z + const, = {^' + ‘>C')z + const 

is homogeneous: the. stresses are uniformly distributed, i.e., the stress 
components (and hence the strain components) are constant quantitie^. 
In fact, the components of stress are expressed by (36.9), if the superscrij^ 
oo is omitted. ^ 

Next consider the behaviour of the displacements at infinity under the 
assumed conditions in the general case. For this purpose use will be made 
of (32.1) which by (36.4) and (36.5) becomes 

2|i(M + /?;)-=— log (zz) + (xF — f )z — F'i + . . . , (36. 1 3) 

where terms remaining bounded for large values of | z | have been 
omitted. It is easily seen from (36.13) that, generally speaking, the dis- 
placements will not be hounded at infinity tinder the conditions introduced 
so jar. In order that they may be bounded, one obviously has to im])osc 
the conditions 

jt=y = o, r = r' = o. (36.14) 

The first group of these conditions postulate that the resultant vector 
of all external forces acting on the boundary of the region is zero, while 
the second group demand that the stresses at infinity vanish and, besides, 
that infinitely remote parts of the plane do not undergo any rotation. 

Note also that even in the case of rotation the stresses at infinity are 
zero and that in the absence of rotation (C — 0) the displacements 
increase like log(2i) — 2 log r, if the resultant vector (X, Y) is not zero. 

NOTE. In (36.4) and (36.5) the functions (po(z)> ^^e holomorphic 

outside any circle, enclosing all contours Z-j, Z.2> If there is 

only one such contour (plane with one hole), it is easily seen that 90(2), 
t|;o(z) will be holomorphic throughout the region 5, provided only the origin 
of coordinates is taken outside S (i.e., inside the hole). In fact, in this case 
(35.10) and (35.1 1) coincide with (36.1), if one puts in the former 

Zi = 0 

and replaces ^'*(2) by cp’''*(z), 4'**(2) respectively. But the functions 

4<*(2) are known to be holomorphic throughout S with the possible 
exclusion of the point at infinity, which proves the assertion. 
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§ 37. Some properties following from the analytic character 
of the solution. On anaiytic continuation across a given contour. 

A number of properties to be considered in the present section follow 
from the analytic character of the general solution of the equations of the 
plane theory of elasticity. 

1 . First, certain terms will be defined which will be used in the sequel 
and which have to some degree already been used above. In addition, 
some simple results of the theory of functions of a complex variable will 
be recalled. 

A simple curve will be a line which may be represented parametrically 

by 

* = /i(o). y == k{^). 

where /i{a), ^(ct) are continuous functions of the real parameter tr, var 3 dng 
over some finite interval, say, 0 a ^ I, and different values of a cor- 
respond to different points (x, y) with the possible exception of the points 
a ^ 0, o — I (i.e., the hne does not intersect itself). If the values 0 = 0 
and a — I correspond to different points, the line wiU be called an arc; 
if these two values of a refer to one and the same point, the arc is closed 
and it will be called a simple contour. Such lines, i.e., simple arcs and 
contours are also called Jordan curves. 

A line (and, in particular, a simple arc) will be called smooth, if it pos- 
sesses at each of its points a tangent which changes continuously with the 
point of contact ; more strictly, a line is smooth, if one can find for it a 
parametric representation: x — fi{a), y — f^ics), where /^(or) and /^(( t) have 
continuous first order derivatives with respect to cr which are not simul- 
taneously equal to zero. 

A region will always (unless stated otherwise) be a finite or infinite 
part of a plane, bounded by one or several simple contours which do not 
have points in common, just as in the preceding sections; unless it is 
stated to the contrary, a region will be assumed to be connected, i.e., any 
two points of it can be joined by a continuous line which does not leave 
the region. 

A given region will be denoted by S and its boundary (i.e., the union 
of the contours, forming the boundary of S) by L. The boundary L will 
not he included with the region S. Thus, if one is dealing with some property 
which refers to S as well as to its boundary L, such a property will be said 
to hold for S -|- £. In general, if L' is some part of L and if some property 
holds in S and on L', it will be said to hold in S -f L'. A part of a boundary 

Theory oI ElasUcity 9 
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will always be understood to consist of one or several continuous arcs of 
a contour. 

Let F{z) be a function given in S (but not on L) and continuous there. 
F will, in general, be some complex function of z — x iy, i.e., a function 
of the form U{x, y) -f- iV{x, y), where U{x, y), V{x, y) are real functions 
of X, y, and it will not be assumed to be analytic. The function F{z) will be 
said to be continuous from 5 on L' , if it is possible to prescribe for T'(^) 
values on L', so that the function obtained in this manner is continuous 
in S + L'. In this case it will often be simply said that the given function 
F{z) is continuous in S -j- L' or that it is continuous in S up to L' , 
which will mean that the function F{z) has been given the stated values 
on U. 

Let t be some point of L and let F{z) tend to a definite limit as z —ft 
from inside S in an otherwise arbitrary manner (i.e., z - ft along any path 
remaining in S, where it has not necessarily been assumed that the 
"path” is a continuous line; it may for example consist of a set of distinct 
points). Under these circumstances F{z) will be said to have a definite 
boundary value at the point t or to be continuous from 5 at the point t ; 
the boundary value at t will be understood to be the above-mentioned 
limit. 

It is easily shown that, if F{z) is continuous from S at all points t of 
some part U of the boundary (where L' may be the entire boundary) 
and if these boundary values of F{z) at I are denoted by F{t), then F{t) 
will be a continuous function of t on L'. 

It follows from the same definition of continuity that, if F(z) is con- 
tinuous from S at all points of L', F{z) will be continuous in S -f- L', 
i.e., continuous in S up to L', if by F(z), for z on L', one understands the 
corresixinding boundary values. 

In the sequel the statement, that F(t) is the boundary value of F{z) 
or that F{z) takes the boundary value F{t), will always mean that F{t) 
is the limit of F(z) as z in an arbitrary manner, the only restriction 
being that z has to remain in S. In other words, the use of the terms 
boundary value at a given point or on a given part of the boundary will 
always imply that the function under consideration is continuous from 5 
at the given point or given part of the boundary. 

2. Let the boundaries of the two regions and Sj, which do not 
cover each other, have a common part L which is a simple ate or contour 
and let Fi(z) and Fi(z) be functions of a complex variable, holomorphic 
in Si and Sj respectively and continuous up to L (Fig. 15). Further, let 
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Fi{z) — F^{z) on L. Then the function F{z), defined by 

T?/-\ ^ / ^i(^) “d on L, 

^ \ F^{z) in Sg and on L, 

will be holomorphic in S, obtained by joining and including L. (If 
L is an arc, then its ends are not included with L.) The proof of this 
theorem can be found in any 
treatise on complex function 
theory. 

The following conclusion 
follows directly from this 
theorem. Let F{z) be holo- 
morphic in some region S 
and let the boundary values 
of F{z) be zero on .some part 
L' of the boundary of this 
region. Then ^"(2) — 0 in the 
entire region. In fact, add to 
vS' some part S' of the plane 
adjoining the other side of 
L' (Fig. 16 ) and put F{z) = 0 in S'. Then, by the above theorem, the 
function F[z) will be holomorphic in S 4- S' and, since it is equal to zero 
in S', it will be zero everywhere, because an analytic function vanishing in 
a part of a region (i.e., in a subregion) is zero in the entire region. 

3 . Next consider the general solution of the equations of the plane 
theory of elasticity and note first of all that the functions 9(2), 4^(2) . 
<1 j(2), Y{z), occurring in this general solution, are also analytic functions 
of 2 in the entire region, occupied by the body, even in the case when 
that region is multiply connected. This follows from the expressions for 
these functions, deduced in the preceding sections. The only difference 
from the case of a simply connected region is that the functions 9(2) 
and 4(x) may be found to be multi-valued, as a consequence of the presence 
of logarithmic terms. (If multi-valued displacements are admitted, the 
function ^(2) may also turn out to be multi-valued). Since an analytic 
function of z — x + iy leads at the same time to anal5d;ic functions of 
the real variables x, y (cf. end of § 32 ), the components of stress X*, 
Xy and displacement u, v are, as in the case of simply connected 
regions, analytic functions of x, y throughout the region, occupied by 
the body. 
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From this property of the solution there follows immediately a propo- 
sition which at first sight may appear somewhat unexpected. 

Ifsomepart of the body {i.e., a subregion which may even be arbitrarily small) 
is in a “natural" state, i.e., if no stresses occur there, then the whole body is in a 
natural state or, in other words, no stresses occur anywhere. 

In fact, if Xic = Yy — Xy = 0 in some part of S, this will be so in this 
whole of S, because an analytic function cannot vanish in a part of V 
region without being zero in the whole region. 

The proof will now be given of a simple and important proposition 
concerning the analytic continuation of the solution across a given 
contour. Let there be two regions S+ and S” which do not cover each 
other, but the boundaries of which have a part in common consisting 
of a smooth line L (i.e., an arc or contour). Assume that the components 
of displacement and stress satisfy in each of the regions 5+ and S“ 
the conditions of § 27. In that case they will be analytic functions in 
each of the separate regions 5+ and S~. 

Consider the necessary and sufficient conditions for the components 
of stress and displacement to be analytic in the region S, obtained by 
joining S+ and S“ (including L). If u, v, Xx, Yy, Xy are analytic in the 
whole of S, it is obvious that they will be continuous on L from 5+ as 
well as from S~ and that their boundary values on L from either side will 
be equal. Denoting the boundary values, obtained by going to the limit 
from S+ and S~, by superscripts {+) and ( — ) respectively, one finds the 
necessary conditions 

= U-, v+ = 1 >-, x: - F; = y; on L, (37.1) 

where (X+, Y^), (X", YJ are the stress vectors, applied to an element 
of L at the point t, when that element is assumed to belong to S+ and S~ 
respectively, i.e., 

= K cos («, x) + X; cos («, y), 

COS (n, x) + Y+ cos (w, y), 

and similarly for X~, Y~, where n is the normal to L at the relevant 
pqjnt, directed to a definite side (which may be chosen arbitrarily). 

It will be shown now that the conditions (37.1) are sufficient (assuming 
the existence of the boundary values of the components of displacement 
and stress from either side). These conditions simply expressWthe fact that 
the displacements remain continuous for a passage across L and that the 
stresses acting on an element of this line from either side satisfy the law 
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of action and reaction. It follows from the first two conditions of (37.1) 
that 

2(x(m + iv) — x<p( 2 ) — 2<p'(2) — '{'(•^) (37,3) 

is continuous on L from both sides and that the boundary values from 
either side are equal. Further, it follows from the two latter conditions 
of (37.1) that the same properties may be ascribed to 

dU dU 

_ -I- i _ ^( 2 ) 4 . zf'{z) + t|;(z) , (37.4) 

provided a proper choice has been made for the arbitrary constants 
which must be added to one of the functions cp, in the regions S+ and S~. 
This is obvious since, by (33.1), one has for (37.4), in both S^' and S~, 
the formula 

dU dU 

-g- + i I {X.n+ iYJds, (37.5) 

where the integral is taken along an arbitrary line I, remaining all the 
time (with the exception of the point a) in S+ or S~ and joining some 
fixed point a of L to a point 2 in S+ or S~; by bringing the point 2 into 
the neighbourhood of some point i of L, from S+ or S~, the line I may be 
chosen so close to Z, (i.e. , close in the sense of distance as well as of tangential 
direction) that the integral on the right-hand side of (37.5) is approximated 
as closely as one pleases by the integral 

t i 

i f{x: + iY:)ds = i I {X- + iY-)ds. 

taken over an arc of L, connecting a and t. 

Adding (37.3) and (37.4), it is immediately verified that the function 
?(^) is also continuous on L from S+ and S~ and that its boundary values 
from either side are equal. Hence, by what has been said above under 2, 
the function 9 ( 2 ) will be analytic in S; but then <p'( 2 ) will likewise be 
analytic. It is then obvious that ({^(z) is continuous on L from both sides 
and that its boundary values are equal. Thus i|'(«). like 1 ^( 2 ), will Se 
analytic in S. This proves the proposition. 

Ihe follov 4 |tig result is easily deduced from the preceding ones: 

Z/ on some part {however small) of the boundary of a body 

= y„ = « = w = 0, 


(37.6) 
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then the stresses are zero throughout the body. This result is due to E. Al- 
mansi [3] who proved it in a different way for the general three- 
dimensional case. 

Let 5 be the region occupied by the body and L' that part of the 
boundary where (37.6) is fulfilled. Select some region S', adjacent to L,' 
and outside S. By the above and by (37.6), the functions A*, Yy, AL 
u, V may be continued analytically from 5 into S' by simply putting 
these functions equal to zero in S'. But then, by what has been said 
earlier, one finds that —Yy^Xy — u — v — 0, because these 
functions, being analytic in the region obtained by adding S and S', 
vanish in the part S'. 

NOTE. The results on the analytic continuation through a given 
contour, proved above, may be somewhat generalized. In fact, retaining 
the condition that the components of displacement must be continuous 
on L from S+ as well as from S~, one can replace the corresponding con- 
dition for the stress components by a weaker requirement which is 
more natural from the physical point of view, namely that the ex- 
pression (37.4) must be continuous up to L. Tliis condition is easily seen to 
lead to the following. Select some (smooth) arc /+ (or /■), entirely in S+ 
(or 5~) and close to L, and suppose that this arc tends to some arc I of the 
line L\ further, let {X, Y) be the resultant vector of the forces, applied 
to f+(or l~) from the sides, facing S+(or S~). Then, as (or 1-) approaches I, 
this resultant vector tends to (A’+, y+) [or (A'”, y~)J which, by sup- 
position, is the resultant vector of the forces, exerted from the sides 
S+(or S~) on the arc I of the boundary of the body. 

Provided the stated conditions are fulfilled, it is easily seen that (37.1) 
can be replaced by 

u+ = U-, v+ - V-, X+ + X- = 0, y+ +- y- = 0, (37.r) 

where (A+, y+) and (A~, y~) are the resultant vectors of the forces 
applied from the sides S+ and S~ respectively to an arbitrary arc I of the 
line L. 

In the same manner (37.6) may be replaced by 

V X=Y^U = V = 0, (37.6') 

where (A, y) is the resultant vector of the forces, exerted on an arbitrary 
arc of the boundary. 

§ 38. Transformation of rectilinear coordinates. Consider now 
how the various functions, corresponding to a given state of stress of a body, 
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change under transformation from one system of rectangular rectilinear 
coordinates to another. 

First investigate the effect of the translation of the origin to a new 
point {xq, yo). Let {x, y) and {x^, y-^ be the coordinates of the same point 
in the old and new systems and let 

z = X + iy, Xi + iyi. 

Obviously 

z:^Zi + Zo, (38.1) 

where 

Zo = Xo + iy^. 

Beginning with the formulae 

A', + = 491(I)(^). Yy — X, + 2iXy = 2[W{z) + T(z)], (38.2) 

denote by Oi(zi) and ^^(zi) the functions pla 3 dng in the new system the 
same parts as <l)(z) and 'F(z) in the old one. Since the stress components 
are not altered by a translation, one has by the first equation of (38.2) 

5R<I>(z) = 9i<I)i(zi) = 91<I>i(z-z„). 

whence 

<I)(z) = 0i(z-zo). (38.3) 

One might have added on the right-hand side any purely imaginary 
constant which would have no influence on the distribution of stress. 
The second formula of (38.2) gives 

5‘l>'(z) -f 'F(z) ^ 5i<I.;(Zi) + = (i_5„)<I);(z-Zo) ^.{z-z^) = 

= zO;(z — Zo) -f 'Fi(z — Zo) — ZoOi(z — Zo), 

whence, by (38.3), 

T(z) == Ti(z - Zo) - i„«D;(z - Zo). (38.4) 

Integrating (38.3) and (38.4) with respect to z, one obtains 

9 (z) = (pi(z — Zo), <|<(z) = 4;i(z — Zo) — Zocpi(z — Zo), (38.5) 

where certain arbitrary coastants which do not affect the stress distri- 
bution have been omitted. 

It is seen that the function t^z) is not invariant for a translation of the 
origin, i.e., the values for the old coordinates are not obtained by simply 
replacing in 4'i(zi) the variable z^ by z — Zo. In contrast, the function 
9 ( 2 ) is invariant. 
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Next consider the effect of rotating the axes, leaving the origin fixed. 
If the axis Ox^ is turned with respect to Ox by an angle a, then 

X = Xj cos a — y-i sin a, 

y = Xj sin a + cos a, 

whence 

^ = {Xi + iyi)e‘“, 

i.e., 

z = 01 = ze~ . (38.6) 

In view of the invariance of + Yy, one has, on the basis of the 
first equality of (38.2), 

9?<D(z) = m^izi) = 9?<I)(z«~*“), 

whence, omitting a purely imaginary constant term, 

<I)(z) = Oi(ze-<*). (38.7) 

Further, the expression corresponding to 

Y y Xy, -f- 2iXy, 

but referring to the new system, is by (8.8) equal to 

{Yy — X^ + 2iXy)e^^\ 

Thus, by a formula analogous to the second formula of (38.2), 

ii<I>;(Zi) + Ti(zi) = [i<D'(z) + T(z)].2‘“, 

whence 

iO'(z) + T(z) = + T*i(ze-“)]e-*‘“. 

Further, noting that by (38.7) 0'(z) = «"’“Oi(ze“‘“), one finds 

Y{z) = Ti(ze-^“)«-*^“. (38.8) 

Integrating (38.7) and (38.8) with respect to z and omitting arbitrary 

constants which do not influence the stress distribution, one obtains 

9(z) = <pi(zO«*‘. 'J'(z) = (38.9) 

Finally, integration of the second of the preceding formulae gives 

X(x) = (38.10) 

where again an arbitrary constant has been omitted. 
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NOTE. If the arbitrary constants had not been omitted, one would 
have found, for example, instead of (38.9) and (38.10) 

9 (z) = cpi(ze~*“)e^“ + Ciz + a + ih, t}'!^) = 4'i(2«~*“)e‘*“ + a' + ib', 

where C, a, b, a', b' are arbitrary real constants which do not affect the 
stress distribution. In the earlier formulae 

C = a = b b’ = 0. 

Thanks to that choice of constants, not only the stresses, corresponding 
to the new and the old functions, but also the displacements will be the 
same. (Otherwise the latter would have differed by a rigid body displa- 
cement.) Further, by omitting an arbitrary constant in (38.10), it has 
been ensured that the stress functions U, formed by means of the new 
and the old functions, will be identical. This would not have been the case 
for a different choice of constants, since stress functions, corresponding 
to one and the same state of stress, can differ from each other by an 
arbitrary term of the form: Ax By C. 

§ 39. Polar coordinates. In many cases it is convenient to express 
stresses and displacements in polar coordinates. Let the origin 0 of the 
system Oxy be the pole, and Ox the 
polar axis. Then, if r and ^ are the 
polar coordinates of some point M{x, y), 
one has, with an obvious choice of the 
angle, 

z = X A- iy = (39.1) 

Draw through the point M two axes; 

(r), being a prolongation of the radius 
vector [on the side of increasing r], (8-), 
perpendicular to the first [to the side 
of increasing S-; Fig. 17]. 

Let Vf, denote the projections of 
the displacement at M on to the axes (r) and (8-). These quantities are 
called components of displacement in polar coordinates. By known 
formulae of analytic geometry 

u = Vf cos S' — sin S', u = v, sin S' -1- cos S, 
where («, v) are the components of the same displacement in the cartesian 
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(39.2) 


coordinate system Oxy; thus 

U + w = (Vr + Vf + iv^ — {u + (39.2) 

whence by (32.1) 

2(x(i'r + »i^») = (39.p) 

This formula gives expressions for and in polar coordinates, if oi^e 
replaces on the right hand-side z by re'*^ and separates real and imaginary 
parts. 

The components of stress in polar coordinates are defined in quite the 
same way as in cartesian coordinates, with the distinction that the part 
of the axes Ox and Oy is now played by (r) and (11) at the point M where 
the stresses are to be studied. Denoting temporarily the axis (r) by Mx' 
and {^) by My', the above-mentioned components are 

Yy’> K- 

In the sequel, the following notation which is widely employed in literature 
will be used for these components: 

7^ = x;, u = y;., ^ = x;.. 

Thus rr denotes the projection on (r) of the stress acting on the plane 
normal to (r) ; 9^9- is the projection on (9-) of the stress acting on the plane 

normal to (9-). Finally, is the projection on (9) of the stress acting on the 
plane normal to (r), or the projection on {r) of the stress acting on the 
plane normal to (9). 

By (8.8) 

yr + 99 = 49i<I>(z) = 2[<i>{z) + <I)(^)], 

99 — rr -b 2fr9 = 2[z(t>'{z) -t- Y(z)y^\ 

These formulae enable one to calculate the components of stress in 
polar coordinates. 

By subtraction one obtains from (39.4) the useful formula 

rr — iri = <D(z) + ^) — [i<&'( 2 ) -f T'(^)], (39.5) 

giving the stresses acting on an arc of the circle r = const, from the side 
opposite the centre. 

These formulae are analogous to those given by G. V. Kolosov in a 
somewhat different form. 
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§ 40. The fundamental boundary value problems. Uniqueness 
of solution. The fundamental boundary value problems will be defined 
in complete analogy with those formulated in § 20 for the three-dimen- 
sional case. As before, absence of body forces will be assumed. 

First fundamental problem (Problem I) : To find the 
state of elastic equilibrium for given external stresses applied to the boundary 
L of the region S. 

Second fundamental problem (Problem II) ; To find the 
state of elastic equilibrium for given displacements of points of the boundary L. 

By vS will be understood a region of the form discussed in § 35 and 
§ 36, by L the union of the contours L^, Lj. • • - .Tm. J^m+i (if the region 
is finite, cf. § 35), or of the contours Lj, L^, . . ., (if the region is in- 
finite, cf. § 36). In the sequel, unless stated otherwise, it will be assumed 
that all considered contours are smooth lines (i.e., that they have con- 
tinuously varying tangents). If S is infinite, it will be assumed that the 
stresses in infinitely remote parts of the plane satisfy the conditions of 
§ 36, i.e., that they remain bounded. 

In addition, in the case of Problem I for infinite regions, it will be as- 
sumed that the values of the stresses at infinity are known ; by § 36 
they will enter into the constants 

9ir = B, V'^B' + iC. (40.1) 

Further, since the constant C (remembering that P ~ B -1- iC) does not 
influence the stress distribution, let C = 0. 

In the case of Problem II for infinite regions, it will be assumed that the 
quantities 

r = B + iC, r = B’ + iC, X, Y (40.2) 

are given, i.e., that not only the values of the stresses at infinity, but also 
that of the rotation (§ 36) and, besides, the resultant vector (A, Y) of 
all external forces, applied to the boundary, are given. At first sight, the 
last condition seems to be unneccessary, but it can be shown that without 
it the problem remains indefinite, i.e., that it has an infinite number of 
solutions. 

Apart from the stated problems, the fundamental mixed 
problem plays an important part, i.e., the problem for which dis- 
placements are given for one part and stresses for the remaining part of 
the boundary. In the case of the mixed problem for infinite regions, it 
win be assumed, as in Problem II, that, in addition, the values of X, 
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Y, r, r' are given. In Part VI several problems of a different type will 
be considered. 

It wiU now be proved that, if the above problems have .solutions, these 
will be unique. For finite regions, the proof is completely analogous to 
that presented earlier for the general case of three dimensions, while 
for infinite regions (such regions not having been considered for tHe 
three-dimensional case) certain additional considerations are requirec(. 

First consider the case of finite regions (simply or multiply connected). 
Study the integral (cf. § 20) 

/= f (X„u + Y„v)ds, 

J 

L 

where 


X„ — X„ cos (m, x) -f Xy cos (m, y), 
y„ = y* cos («, x) + Yy cos («, y) 


(40.3) 


denote the stress components, applied to the boundary L, and n is the 
outward normal to L. 

By Green’s theorem 



[{X^u -f Y^v) cos («, x) 4- {XyU -f YyV) cos («, y)]<is = 



+ 


xr \ X r 1 , T 


But, by (29.1), 


oX^ , 


also 


and 


du 


— Cft 


„ 0 y. , 0y. „ 

dy “ "07 + 

dv dv du 

== Cyy, = 2^a; 

cy dx cy 


X^= \Q + 2iLey.x, yji, = X6 -f- 2\Leyy, Xy — 2[Jl^a„. 


Hence, the above expression becomes 

j (X„« -H Y„v)ds =ff (Xe=* + 2(z(4 + 4 + 2el;)}dx dy. (40.4) 
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If u, V, X„, Y„, e^y, represent the “difference” of two solutions 
of the first, the second or the mixed problem, the expression Xji + Y„j; 
will be zero on the boundary L (cf. § 20). Hence, the double integral on 
the right-hand side will be zero. But since the function under the integral 
is a positive definite quadratic form, this can only be so, if 

^xx — ^vv — ^xv — 0 - 

Hence also X^, Y», Xy, arising from the difference of the two solutions, 
must be zero, i.e., both solutions are identical in the sense that they lead 
to the same stresses and strains. However, the displacements may differ 
from each other by terms of the form 

«o = — ey + a. Vo = &x + p, 

corresponding to rigid body displacement in the plane Oxy. In the cases 
of the second and the mixed problems, this difference does not occur, 
since the displacements of both solutions must be the same on the 
whole or part of the boundary. 

Next consider the case of infinite regions. As before, let it be assumed 
that any of the three fundamental problems possesses two solutions and 
that t4, V, X„, Y„ denote the “difference” of these solutions. For Problem 
I : An — y„ = 0 on the boundary, i.e., the resultant vector of all forces, 
exerted on the boundary, is zero. However, for the second and the 
mixed problems, this vector had been assumed given for both solutions, 
and hence it will also vanish for the difference of the two solutions. 
Thus in all the cases considered; X = Y = 0. In addition, the quantities 
r, P', corresponding to the difference, will be zero, since they were 
to be the same for both solutions. 

Now apply (40.4) to the finite region, bounded by the contours Li, . . . , 
and the circle with radius R and centre at 0, which contains 
all the contours Lj, . . , L„. It will be proved that 

(X„u -f Y„v}ds (40.5) 

tends to zero as i? ->• oo. In fact, by (36.4), (36.5) and (36.7), where one 
has to put 

A' = Y = r = r' = o, 

one has for 1 z j > i? 

9(2) = flo + “ + • • • . i>{^) = «o + + • • • » 



142 


II. PLANE THEORY OF ELASTICITY 


§40 


0(z) = f>{z) = — 5- + . . . , >F(2) = 4>'(z) ^ + 

The formula 


2y.(u + jv) — y.(p(z) — — <1^(2) | 

shows that under these conditions u, v remain bounded. Further, the Re- 
lations 1 

X, + - 2[0(.~) + <I)(2)1. y, - + 2iX, = 2[l^'{z) -1- T^(2)] ' 

indicate that X,, Yy, Xy tend to zero with order | l/z‘\ (at the least) 
as 1 2 I -> oo. Hence, the expression Xyii -f Y^v will be of order 

on the circle L,f. On the other hand, the patli of integration in (40.5) 

is of length 2t:R and hence the integral (40.5) is of order and tends to 
zero as 7? -> oo. 

Applying (40.4) first to the region, contained between L and 
and then increasing R beyond all bounds, it is seen that the integral on 
the left-hand side will tend to the integral taken over the boundary L ; 
hence, the integral on the right-hand side will likewise tend to a 
limit which, by conventional definition, will represent the integral 
taken over the infinite region S. Thus (40.4) applies to infinite regions 
S and, hence, the conclusions regarding uniqueness of solutions remain 
true also for these cases. 

The above proof of uniqucne.ss of .solution is analogous to that given 
by Kirchhoff for three dimensions. It implies that the components of 
stress and displacement are continuous along the boundary of the region 
inside which they satisfy the conditions of § 27. A proof may be given for 
somewhat more general conditions, but this will not be done here (cf. 
end of § 42). 

Regarding the question of the existence of solutions, the following re- 
marks will be made for the present. From a mathematical point of view, 
the first fundamental problem is completely equivalent, at least 
for regions bounded by one contour (for the case of several contours 
cf. Note 1 at end of the next section), to the problem of equilibrium 
of a thin elastic plate, clamped at the edges, under the influence of 
loads normal to its plane. This latter problem can be reduced to the 
determination of a biharmonic function U for given values of its partial 
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derivatives 

dU dU 
dx * dy 

on the boundary of the region. 

This problem is discussed in any of the treatises, mentioned in the list given at 
the beginning of Part 1. As a rule, the problem leads to the determination of U for 
, ’ dU 

given boundary values of U and of the normal derivative - - . But obviously one 

dn 

may in this case immediately determine the boundary values of 

dU 

dx ’ dy * 

since 

dV dU dU W dU dlJ 

-- -- — cos (/, x) ■] - - - cos [n, x), — - — cos [t, y) | -cos {;z, y), 

i'X as alt i) as dn 

where s denotes the coordinate along the boundary and t the direction of the 
tangent. Thus one; arrives at the problem, stated in the text. 

'I'he first fundamental problem will be reduced to just such a mathe- 
matical problem (cf. § 41). I'he problem of finding a biharmonic function 

?U dU 

for given values of the derivatives -- and - - on a contour will 

cx cy 

be called the fundamental biharmvnic problem. This problem (or its equiv- 
alent problem of the equilibrium of a plate, clamped along the edges) 
has been the subject of many investigations, especially since 1907 
when the Paris Academy of Science declared it the object of a prize. 
I'his prize was obtained by J. Hadamard [1], G. Lauricella [3j, A. Korn [4] 
and T. Boggio. The above authors completely solved the problem for 
the case of finite regions, bounded by a simple contour and satisfying several 
conditions of a general character. (In 1936 S. L. Sobolev [1], using 
variational methods, gave a proof of the existence of solution of a boun- 
clary problem which represented a considerable generalization of the 
fvindamental biharmonic problem). 

Use of functions of a complex variable provided recently the means of 
obtaining the solution of the first as well as of the second fundamental 
problem for regions, bounded by an arbitrary number of contours. It 
also solved the fundamental mixed problem and a number of other im- 
portant general problems. Certain of the above-mentioned general results 
Will be studied below in Part V, while short statements will be given of others . 
It will just be noted here that in the case of finite regions the first 
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fundamental problem has, of course, a solution only when the resultant 
vector and moment of the given external forces, applied to the boundary 
L of the region, are zero. 

But in the case of infinite regions a solution exists only when this 
condition is not satisfied, even if it is required that the stresses at in- 
finity vanish. This is explained by the fact that, if one considers partj of 
the body enclosed between a given contour L and a circle, containihg 
this contour, then, although the external stresses acting on the circle tend \o 
zero as the radius increases beyond all bounds, taken over the whole 
boundary they may give a finite resultant vector and moment, because 
they are distributed over a circle the length of the circumference of 
which increases beyond all bounds. The resultant vector and moment of 
the external forces, applied to the union of the given contour L and the 
circle, is always zero. 

Regarding the above-mentioned general solutions of the fundamental 
problems it may be noted that, just because of their generality, these 
solutions are often unsatisfactory from the point of view of application. 
Therefore one is obliged to study special methods of solution offering 
the possibility of practical analysis of more or less wide classes of regions, 
important in applications. Parts III — VI of this book are largely devoted 
to such methods. 

§ 41. Reduction of the fundamental problems to problems of 
complex function theory. Since the state of stress and the displacements 
can be expressed by means of the two complex functions 9 ( 2 ) and 
the problems formulated in the last section lead to the determination of 
these functions under certain conditions which they must satisfy on the 
boundary. 

For greater clarity it will be assumed for the time being that the 
region S is bounded by a single contour L. This region S may, however, 
be finite or infinite (infinite plane with a hole). 

In the case of Problem II, the boundary condition can be expressed 
in the following manner: 

xcp( 2 ) — z^) — - ^ = 2p(gi ■+• igt) on L, (41 . 1) 

where g^ = gi{s) and g^ = g^is) are the given displacements of the points 
of the contour L ; they are given functions of the arc coordinate s of the 
contour which may be measured from an arbitrary point of L. 

In the case of Problem I, the boundary condition can be expressed by 
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two different methods which should be used according to their convenience. 
Only one of these will be stated now, while the other will be given at 
the end of this section. Let Y„(s) be the given values of the vector 

components of the external stresses, applied along L, and let the positive 
direction of the arc coordinate s be such that the region S lies on the left. 
By (32.5) 


dU . dlJ 
dx ^ dy 



+ iYn)ds + const, on L, 


u 


(41.2) 


where the additive constant will, in general, be complex. Let 


i jiXn + tY„)ds = /j(s) + ifils), (41.3) 

0 

where /j , /g must be considered as given (real) functions of the arc coordinate s. 
Thus (41.2) becomes 

dU . aC7 

^ — /i + ^2 + const, on L. (^L2') 

dx ay 

Disregarding the arbitrary constant on the right-hand side, the 
problem of the determination of U is equivalent to the “fundamental 
biharmonic problem*' (cf. §40). Further, remembering (31.4), viz., 

cU ?U 
'?x ^ ~dy "" 

the condition (41.2') can be rewritten 

9 ( 2 ) + 2 (p'( 2 ) + = /, -f- if^ -f- const, on L. (41.5) 


Now the following will be noted. It has been seen in the preceding 
section that knowledge of .X'„(s), y„(s) completely determines the state 
of stre.ss of the body. But the functions 9(2), tJ/(2) will then not be com- 
pletely determined ; in fact, it has been found in § 34 that the substitutions 

9(2) H- C12 -i- Y for 9(2), 

4 >( 2 ) + y' for 1 ^( 2 ), 

where C is a real and y = « -(- tp, y' = *' + are complex constants, 
do not alter the state of stress and, conversely, that any transformation, 

'Iheory of Elasticity 


10 
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which does not affect the stresses, must be of the form (^4). In addition 
(§34), 

dU .dU . , , , , .du 

replaced by —• + i + y + y'- (B) 

It thus follows that by a suitable choice of y and y' the constant in (41 j5) 
can be given any arbitrary value. \ 

Next, the cases of finite and infinite regions will be considered sepa- 
rately and a beginning will be made with the former. In the case of 
Problem II, the boundary values completely determine the dis- 
placements at all points of the body (§ 40). Therefore, by the results of 
§ 34 (assuming the origin to lie within the region S), only one of the 
quantities 9(0) or ^(0) may be fixed arbitrarily beforehand. Unless 
stated otherwise, it will always be supposed that 

9(0) = 0. (41.6) 

In the case of Problem I, when the boundary conditions completely 
determine the state of stress of the body (the displacements being de- 
termined apart from rigid body translation), both quantities 9(0), 4^(0) 
may be fixed arbitrarily, in addition to the imaginary part of 9'(0). But, 
if the constant on the right-hand side of (41 .5) is fixed in a definite manner, 
only one of the two quantities 9(0), 4^(0) can be decided upon arbitrarily. 
Therefore, in the case of Problem I, one may assume 

9(0) -0, S9'(0)-0. (41.7) 

Regarding the last point, the following remark may be made. If 9 and are any 
functions solving Problem I, application of the transformation {A) gives functions 
solving the same problem. In order that (41.5) may be fulfilled for a definite value 
of the constant on the right-hand side, the quantity y -f- y' will be fixed, as can be 
.seen from (B). For example, if y be given, the constant y' will be completely 
determined. 


In the case of injinite regions, assume that the origin lies outside the 
region (i.e., inside the hole). Then, by §36, 


tw - -2^,'^’^’ log » + r' z + toW, 


(41.8) 


where tpo, are holomorphic in S, including the point at infinity. 
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For Problem II one may assume 

?o(oo) = 0. (41.6') 

because, as is known from § 34, an arbitrary constant y = a + ip can 
be added to 9(2) without any effect on the displacements. For Problem I, 
when the constant on the right-hand side of (41.5) has been fixed before- 
hand, one can assume (cf. the case of finite regions) 

9o(oo) = 0, C - 0. (41.7') 

The supplementary conditions (41.6), (41.7) or (41.6'), (41.7'), obviously, 
completely determine the unknown functions 9, il*. if (in the case of 
Problem I) the constant on the right-hand side is fixed. 

Now turn to the general case, when the boundary consists of several 
contours Z.^, Lj, . . . , (finite regions) or i.^, (infinite 

regions). The functions gj, (for Problem II) or X„, Y„ (for Problem I) 
will be given on each of the contours L^.. The form of /^(s) «7g(s) will 

be defined on each contour separately and the arc coordinate s will be 
measured on every contour from an arbitrarily chosen point. 

The conditions (41.1) or (41.5) must be fulfilled on each of the con- 
tours L^. For Problem I the constant on the right-hand side of (41.5) may 
(and generally will) have different values on the different contours Lji. 
It may be fixed arbitrarily for only one of the L^. Its values for the 
remaining contours necessarily remain undetermined ; these values must be 
found for the solution of the problem, as a consequence of its uniqueness 
(cf. case of a single contour). 

Finally, the boundary condition for Problem I will be stated in a dif- 
ferent form. Let there be given the normal and the tangential components 
N and T of the external stresses acting on the boundary L. The com- 
ponents N and T will be the projections of the stresses on the outward 
normal n and on the tangent, pointing to the left of n. Then 

2(N — iT) = X^+Yy — (Yy — X^ + 2fX,)e®*“ on L. 

where a is the angle between the normal n and the axis Ox, measured from 
the latter. In order to obtain this formula, one only has to think of the 
normal n as axis O’x' and of the tangent as axis O'y'. Then 

N = x;., T = x;., 

and the above formula agrees with (8.8'). Introducing into this formula 
the expressions (32.9) and (32.10), one finds 

C>(x) -f- — e®'*{iO'(z) -f ^(2)} = N—iT on L. (41.9) 
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The boundary condition, written in this form which is mainly used by 
G. V. Kolosov [1, 2], is often more convenient than the condition (41.5). 
But in certain cases (41.5) is preferable. One of its advantages is that it 
is applied in just this form to the problem of a plate with clamped edges 
(fundamental biharmonic problem). Besides, condition (41.5) is very sin^i- 
lar to (41.1) and, thanks to this fact, the methods of .solution of tjie 
Problems I and II are almo.st identical. 


NOTE 1 . In the case of a multiply connected region S, the following 
difference exists between the fundamental biharmonic problem and the 
first fundamental problem of the plane theory of elasticity: for the 
fundamental biharmonic problem, the expression 


du . du 

— L ^ — 

dx dy 


— fi + if 2 


is given completely on each of the contours for the first fundamental 
problem it is given apart from constants C* on L* (these constants being 
unknown beforehand) and only one of the Cf. may be fixed arbitrarily. 

Further, there is a difference in the conditions imposed on the un- 
known function U{x, y): for the fundamental biharmonic problem, it is 
usually required that the derivatives 

du_ du_ 

dx ’ dy 

be single-valued in 5, or even that U{x,y) be .single-valued there 
(e. g. when dealing with the equilibrium of plates clamped at the edges) ; 
for the first fundamental problem, it Ls required from U{x, y) that the 
components of stress and displacement, corresponding to it, be single- 
valued. In the case of simply connected regions, both conditions lead to 
single- valuedness of U{x, y). 


NOTE 2. In spite of the fact that solution of the boundary value 
problems in the general case offers very great practical difficulties, it 
is very easy in certain particular cases to guess the solution from the 
form of the boundary condition (41.5). For example, assume that the 
boundary of the body is subject to uniformly distributed normal tension 
P (for P <0 one would have compression). Let n be the outward normal. 
Then 


X„ + iY„ = P[cos (n, x) + i cos («, y)] = — Pi 






ds J 


dz 

■Pi - , 
ds 
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whence 


/i + iiz = i\ {Xn + iYn)ds = Pz const., 

and the boundary condition (41.5) becomes 

9 ( 2 ) + z<^'{z) + 4'(2) — Pz const.; 

thus it is seen than one may satisfy this condition by putting 

9 ( 2 ) ^ \Pz, 4/(2) == 0. (41.10) 

By the uniqueness theorem, any other solutions can only differ from 
(41.10) by rigid body displacements. 

The stress components, corresponding to (41.10), are, using the formulae 
of § 32, 

X, -y„=--P, A’„--0. (41.11) 

Note again a curious case, where the boundary problems are solved 
directly, almost without any calculations. Consider first Problem I for 
the case of a single contour and assume that the function 

fi — ^ I (^« — iyn)ds + const., (41.12) 


given (apart from an arbitrary constant) on L, represents the boundary 
value of some function F{z), holomorphic in S and continuous along L. 
Then (41.5) may be written (taking the conjugate expression) 

9 ( 2 ) 4- 29 '( 2 ) + 41 ( 2 ) = F(z) on L, (41.13) 

and obviously the solution of the problem is obtained by putting 

9 ( 2 ) = 0, 4.(2) =F(2). (41.14) 

It follows from the uniqueness theorem that the problem has no other 
solutions, except for those differing from (41.14) by rigid body displa- 
cements. Quite an analogous reasoning may be applied to Problem II, 
and the generalization to multiply connected regions does not present 
any difficulty. 

Consider, as the simplest example, an arbitrary (simply or multiply 
connected) body and suppose that F{z) = Qz, where ^ is a real constant. 
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This corresponds to the case when 



i.e., 

Xr, == — (? COS (w, x), == Q cos in, y). 

Thus, uniformly distributed stresses, equal to Q, are applied to the boun- 
dary of the body; however, these stresses arc not directed along the 
outward normal, but in the direction of the reflection of the normal in 
the axis Oy. In the present case, by (41.14), 

cp(^) == 0. - Qz. 

For the components of stress one finds from the formulae of § 32 
X, = -Q. A\ = 0. 

If, for example, the considered region is a rectangle with sides parallel to 
the coordinate axes, the above is the solution of the problem' for the case, 
when uniformly distributed tensile forces act on the sides, parallel to the 
axis Ox, and similar compressive forces act on the sides parallel to Oy. 


§ 42. Concept of regular solutions. Supplementary remarks. 

It is known that for simply connected regions the functions 9(2) and tj;(2) 
are holomorphic in S ; for multiply connected regions they have the form 

= — -.T n~rT ^ 

2tc( 1 + x)*-i 

(42.1) 

4'(^) - ^ 

2 tc (1 + x) 

where 90(2), ^^re holomorphic in S. 

In the sequel (unless stated otherwise) it will be assumed that 9o(“)- 
<Po(z), are continuous in S up to the boundary of the region (the natural- 
ness of this condition will become clear below). Under these circumstances 
it will be said that the solution is regular. 

In the case of finite simply connected regions, 9 and (J* will take the 
place of 9 q, (}(o, and, as shown by the formula 

dU . dU — 

" 0 ^ ■(" * ~ ^9 W "i" 


(42.2) 
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the expression 

dU . dU 

— 1- I 

dx dy 

will be single-valued and continuous on L and, consequently, will revert 
to its original value for a circuit of the contour. Hence the same property 
may be ascribed to the expres.sion 

ii{s) + iUs)^i^{X^ + iY„)ds. 

differing from the preceding one only by a constant [cf. (41.2)]. But this 
])roves that 

^ (x„ -f 

taken along the contour L, is zero, i.e., that the resultant vector of the 
external forces, applied to the boundary, must be zero. Thus, a necessary 
consequence of the regularity of the solution is that the resultant vector of the 
external forces is zero. It is easily deduced from (33.3) that the resultant 
moment is also necessarily equal to zero. 

In the case of multiply connected regions, for a circuit of one of the 
contours L^{k — 1,2, . . .,m) in the direction which leaves S on the left, 
the expression (42.2) is easily seen, using (42.1), to increase by i{Xk+iY^). 
For a circuit of the outer contour Lm+i, however, it will increase by 

m m 

-ii'EX. + il.Y,). 

fe-i fc-i 

This again proves that the resultant vector of all external forces is 
necessarily zero. It follows in an analogous manner that the resultant 
moment of these forces must be zero. 

The following must be noted with regard to the expression /j -j- if^. 
defined on each contour L,^ by 

/i + ifz = i j{Xn + *T„)ds. (42.3) 

It is known from § 41 that on each contour L* 

fi -f f/g = const. = vf{z) -f z<f'(z) -t- ij^( 2 ) -h const. (42.4) 

OX dy 
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For a circuit of the right-hand side will increase by i{Xj^ + 
hence is not, in the general case, a single-valued and continuous 

function on the contour With equal right one of the following con- 
ditions may be adopted: 

Assume either that + if 2 ^ single- valued function of the arc co- 

ordinate s; then this function must be assumed to be discontinuous, i.e., 
for each complete circuit of a contour and passage through the starting 
point of the circuit, this expression will change discontinuously by 
— i{Xjc + iY in order to revert it to its original value. 

Or assume to be a multi-valued, but continuous function of 

the arc coordinate s which increases by i{Xj. + ^ ^ a) for every complete 
circuit of L^, (All circuits being executed in a direction which leaves S 
on the left). This condition is in many respects more convenient and will 
always be adopted here. Under these circumstances, the constant on the 
right-hand side of (42.4) will maintain one and the same value for motion 
along Lfc, if definite branches of the logarithmic terms, appearing in the 
expressions for <p and are chosen and if it is stipulated that these are to 
vary continuously for continuous changes of s along the contour. 

Quite analogous remarks refer to infinite regions, the only difference 
being that the resultant vector and moment of the external forces, acting 
on the boundary, must not necessarily be zero. 

If the region S is bounded by one simple contour L, the condition that 
the resultant vector and moment of the external forces, applied to the 
boundary, must vanish leads, as follows from the above, to the condition 
of continuity and single- valuedness of the expression + if^ on L. 
Consider how the condition that the resultant moment of the external 
forces should be equal to zero may be expressed in terms of /j and f^. 
Integrating this condition by parts one finds 

0 = J {xY^ - yX„)ds = ~j{xdfy + y df,) = 

L L 

= — [xfi + y/2]x, 4- J ifidx + ftdy), 

L 

where [ denotes again the increase undergone by the expression in 
brackets for one circuit of L. If the resultant vector of the forces acting 
on L is zero, the functions /j and /j are single-valued and continuous, 
and hence \xfy -j- = 0. Thus, if the resultant vector is zero, the above 
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condition can be written in the form 

I ifidx + f^dy) = 0. (42.5) 

This formula is easily generalized to the case of regions bounded by several 
contours. 


In § 40, the uniqueness theorem for the solutions of the fundamental problems 
was proved under the supposition that the components of stress and displacement 
are continuous up to the boundary. It is not difficult to prove the uniqueness of 
the solutions of the first and second fundamental problems, assuming them to 
be regular. The proof is given in the Author's paper [11]. The Uniqueness theorem 
for the fundamental bibarmonic problem was proved for somewhat more general 
conditions by S. G. Mikhlin [6J. 


§ 43. Concentrated forces, applied to a contour. It has been seen 
that the requirement of continuity of the expression on a given 

contour may be fulfilled, because of the stipulation of regularity 
of tlie solution, i.e., owing to the condition of continuity of 90, 4^0, 9^ up 
to the boundary. Consider what happens, if this condition is violated. Let 
the arc AB he part of the boundary of the region and let 9 q, 9^ cease 

dU dU 

to be continuous at some point C of this arc. Assume that — h i — — 

dx ay 

remains continuous in 5, in the neighbourhood of this point, and under- 
goes only a finite jump for a passage through the point C, when z moves 
along AB, Further, assume that U is continuous near and on C. 

Let 


rdu .0(71 raf/i reu^ 

L dx ^ ^ dy ^ Sx L 0y - 


denote the jump in h -for a passage through C, if z describes 

dx dy 

AB in the positive direction (i.e., leaving S on the left). 

Consider an infinitesimal part CDC of the body and the resultant 
vector of the external forces, acting on the arc C^DC** (Fig. 18) of the 
boundary of this part. By (33.1), this resultant vector (Z, Y) may be 
Witten 


X + iY ^ 


jdu ,duy" 

hdx ^ 0y - e' 
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Letting C' and C" approach C, one obtains in the limit 


X + tY ^ 




(43.1) 


The resultant moment (with respect to the origin) of the same forces is 
easily calculated by (33.2), its limit being \ 


M 


rac/i 


rafyn 


:,F- -y.Y, 


where x, y are the coordinates of C. Hence, the forces applied to the 

infinitesimal arc C'DC" are equivalent to one 
single force {X, Y) applied at C, its compo- 
nents being given by (43.1). 

Thus, the point of discontinuity C of the 

. .^u , 

expression -- — h ^ — on the contour (poss- 

cx ay 

essing the properties stated above) should 
be considered as the point of application ol 
the concentrated force (X, Y), defined by 

Fig. 18. («•■)• 



§ 44. Dependence of the state of stress on the elastic constants. 

An important property of the solution of the first fundamental problem 
will now be discussed. First consider the case of finite simply connected 
regions. The unknown functions (p, t}' are then holomorphic in the region S. 
Further, since the boundary condition (41.5) does not depend on the 
elastic constants X and p, the functions 9 and 4 '. giving the .solution of 
the first fundamental problem, will also solve this problem (for the 
same given external stresses) for a body of the same .shape, but made of 
some other (homogeneous and isotropic) material. 

Thus, for given external stresses, the state of stress of a simply connected 
(finite) body depends only on its shape, but not on its material. The dis- 
placements and strains will, of course, depend on the material, sinc(> 
the constants X and p enter into the formulae, giving the displacements 
in terms of the functions 9 and 
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In the case of the exact problem of plane strain this proposition, of course, only 
holds with respect to the components Yy, Xy, because depends on X and (x 
(or more correctly, on relations involving these quantities). But in the case of thin 
plates, i.e., for “generalized plane stress'* (§ 26), the proposition holds fully, because 
then Z^ — 0. 

The theorem on the independence of the state of stress on the elastic constants 
(always with reference to the components A'^., Yy, Xy) is with little justification 
called the theorem of M. Levy, for example by G. V. Kolosov ["3, 4]. The truth is 
that M. Levy [1] emphasizes the fact that the equations, to be satisfied by X^, 
Yy, Xy, do not involve the elastic constants. But it does not follow from this fact 
in the general case that the stressed state does not depend on the elastic constants 
(cf. later). 


Next con.sider the case of multiply connected bodies. Also in this case 
the constants X and p, do not figure in the boundary conditions. But 
they do appear (through x) in (35.10) and (35.11), viz., 


1 m 

9(--) = - V, 7-,-- , ^ + iV,) log (z - z,) + 

2 ' k {\ + x) 

<>(-) -- ,, - r,--v- (A^. - ^-r,) log (z - z,) + ^*(2). 

27r(l + x) A— 1 


(44.1) 


Assume that the first fundamental problem has been solved for a given 
material, i.e., that the corresponding functions 9, have been found. 
Consider whether the same functions may give the solution of the same 
problem for the same boundary stresses and for a body of the same shape, 
but of different material with the constants X', [x' instead of X and p.. 
Denote by x' the corresponding value of x. The functions 9, 4' will, of 
course, satisfy the given boundary conditions also for the second body, 
because the elastic constants do not figure in these conditions. However, 
the displacements, corresponding to these functions, may turn out 
to be multi-valued. In fact, for single-valuedness of the displacements, 
one has by (35.7), in which one has now to replace x by x', 

x'Yfc + Ta- 0, 

where, by (35.9), 

Xi( + iY ^ >t(Aj. + '^Yk^ 

~ ^ 27r(l +T)' ’ 


(x-x') 


2n(l + x) 


<ind hence 
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But this will only be possible for v! # x, if = Y*. = 0. Thus, the 
same functions cp and tj; will give the solution for bodies of different 
materials (with different constants x) if, and only if, the resultant vectors 
of the external forces applied to each of the contours L^. separately are zero ; 
then, and only then, the state of stress does not depend on the elastic 
constants. Otherwise it depends on the value of x, i.e., on the valuei of 
x/(x. ! 

This result is due to J. H. Michell [1]. It is of considerable interest 
for experiments involving models made of various materials which a^e 
convenient for the purpose. It is seen that under the given conditions 
the material does not affect the results. G. V. Kolosov [3, 4] gave formulae 
elucidating the influence of the elastic constants also in the case, when 
body forces are present the components of which are analytic functions 
of the coordinates. However, the results of Kolosov require additional 
study in the case of multiply connected regions 

A more detailed statement of a practical nature with regard to the 
influence of the choice of material constants of multiply connected bodies 
can be found in the paper by L. N. G. Filon [3] and also in the book by 
E. G. Coker and L. N. G. Filon [1]. It should be noted that the deduction 
of all the results, obtained by Filon, can be considerably simplified, if 
one starts from the above formulae. 
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MULTI-VALUED DISPLACEMENTS. THERMAL STRESSES 

§ 45. Multi-valued Displacements. Dislocations. The condition 
ol single-valuedness of the displacements, which hitherto has always been 
assumed to be fulfilled, seems at first sight to be quite inevitable from a 
physical point of view. However, it will be seen that a very simple physical 
interpretation can be given to multi-valued displacements. 

As before, it will be assumed that the components of stress, and hence 
the components of strain, are single- valued functions in the region, oc- 
cupied by the body ; more exactly, it will be a.ssumed that all the conditions 
stated at the end of § 29 are fulfilled with the exception of the condition of 
single-valuedness of the displacements. 

It will be remembered that in the case of simply connected regions single- 
valuedness of the displacement components remains the necessary con- 
sequence of the other conditions (cf. §§ 29, 30). Therefore only multiply 
connected regions need be considered. As in § 35, suppose that the region 
S, occupied by the body, is bounded by several simple contours L^, 
I 2 . ■ • Lm+i the last of which contains the others. 

It will also be remembered that the deduction of the formulae (35.1) — 
(35.6) was not based on the condition of single-valuedness of the displace- 
ments; this condition was only introduced starting with (35.7). Therefore, 
in particular, (35.3) and (35.4) remain valid under the conditions to be 
considered now. 

In order to study the character of multi-valuedness of the components 
of displacement, convert the region S into a simply connected one by 

means of m cuts a^b^, a^b^ u^b^, connecting L^, Lg, with the 

outer contour L^+i and not intersecting each other (Fig. 19). (These 
cuts may be produced in any manner whatsoever, e.g. by joining some 
point of Lj with some point of Lg, some point of Lg with some point of Lg 
etc. and by reaching in this manner some point of 1 ^+ 1 , but for the sake 
of simplicity the above stated system of cuts has been adopted.) 

In the region cut in the above manner the functions <p, and hence 
also the displacements, will be single-valued. At each cut a distinction 
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Fig. 19 


must be made between the two 
sides which will be denoted by 
+ and — ; these signs will be 
allotted in such a way that, in 
order to go from some point 
(x, y) on the side ( — ) of the 
cut (and remaining in the 
cut region) to the corresponding 
point of the side (+) of the 
same cut (i.e., to the point with 
the same coordinates), one has 
to encircle the contour L* in 


an anti-clockwise direction. By (35.6), one has for such a circuit 


u+ — ii- + i(v+ — V-) = ™ { (y. -I- 1 )A i.(A -f iy) + xYa- — Y t). (45. 1 ) 

where is the real, ya — a* + fp* and yj. = a.',. + arc the complex 
constants, appearing in (35.3) and (35.4); here v-' and if, v- are the 
values of the components of displacement, corresponding to the points 
on the sides (-)-) and ( — ) which coincide in the geometrical point [x, y). 
The formula (45.1) may be rewritten 

«<+ — u- — t^y -(- a-l, v+ — V- = (45.2) 

where 

7t(x-t-l)^A o ?:(— xPa - 4- Pi:) .o 7t(xaifc -f al) 

e*: = — , «A- = > Pfc = • (45-3) 

(i (X [i 

There is no difficulty in giving a physical interpretation of these 
multi-valued displacements. (It will be rememberedlhat only very small 
deformations of the body are being considered ; hence also the quantities 
sjt, a*, Pa will be very small.) In fact, in order to explain those displace- 
ments, it is sufficient to suppose that along each cut Ukhk the two sides of 
the body have been connected by removing from it, before deformation, 
a (very narrow) strip the sides a^bl and a'jjb’k (Fig. 19) of which are con- 
gruent and placed in such a way that results from a'fjb'k by a rigid dis- 
placement, consisting of a rotation by an angle e* about the origin and 
a translation with components a*, p^. It has been implied here that for 
a reunion the same points are to be combined which would correspond 
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to each other, but for the above rigid displacement. The notation has been 
chosen in such a way that the lines albl and aj)',. will, after deformation, 
become the sides { — ) and (-h) of the cut Unb,,. 

The relations (45.2) have been obtained, in order to elucidate how the above 
operation of reunion could be accomplished; for example, let remain fixed 
and let the side move as a rigid unit until it meets 0 ^. 6 ^. Then — v- — 0, 

1 . 1 + -f aj., v+ = -I- and hence (45.2) is fulfilled. If after this process 

Ihe body is left to its own devices and becomes, in addition, subject to some or- 
dinary deformation, the relations (45.2) will not be di.sturbcd, because adjoining 
]X)ints of the contacting sides will move like one point and no additional differences 
between («+, z;+) and (m~. v-) will arise. Clearly the shape of the line aj)}. in the final 
state will, in general, differ from that of a^. 64 . and 0 ^. 6 ^. 

For simplicity, the above di.scussion only refers to the removal 
of strips with sides a^bl and But for some values of e*., a,°, it may 
happen that (before deformation) the .sides a^bl. and albl will overlap, 
s(j that virtually strips have to be added rather than removed. Similarly, 
it may also happen that albl and albl only partly overlap, in which case 
material may have to be added in one place and removed in another. 
However, in the sequel, for the sake of brevity, only “removal” of strips 
will be mentioned. Likewise it is clear that, when joining the sides albl 
and albl, their end points may not completely coincide with each other so 
that after reunion they may form (small) steps on the boundaries of the 
region; but these will not be considered here. 

The above interpretation of multi-valued displacements was first stated 
by A. Timpe [1] for the particular case of a circular ring. (This case will be 
treated as an example in § 60.) Somewhat later, V. Volterra obtained more 
general results referring to multiply connected bodies of arbitrary shape. 

Of. V. Volterra [ 1 ] which contains a summary of his results, and also 
hi.s books [2] and [3]. The case of plane deformation has also been considered 
in a ])aper by L. N. G. Filon [3] which presents interesting results referring 
to the problem f)f the study of a state of stress by means of experiments 
with models of different materials; cf. also. E. G. Coker and N. G. Filon [!]. 

Volterra u.ses for deformations of the body of the type described above 
the term “distorsion”. A. E. H. Love [1] proposed instead the term "dis- 
location” which will be used here for lack of a better one. 

Note the following important property of dislocations, stated by 
V. Volterra. If the cuts are to shift and change their shape, but 
ill such a way that the points a*, and remain on the contours and L^+i 
respectively and that the cuts never intersect each other, the quantities 
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e*, a*, determined by (45.3), obviously remain unchanged. In other 
words, these quantities do not alter from one system of cuts to another, 
as long as the latter are topologically equivalent. 

It has been seen that, under the requirement of single-valuedness of 
the displacements, the stresses inside a body are completely determined 
by the external loads. This requirement is equivalent to the conditions 

e* = «!- = Pfc = 0 (^ = > . •••.«*). 

It is easily shown that the stresses will likewise be fully determined by 
given external loads and arbitrarily prescribed (small) quantities 

''difference'' between two solutions (if there exist two 
of them) obviously gives a solution for which there are no external 
stresses and for which 

K == 0 , 

i.e., for which the displacements arc single-valued. But under these 
conditions the stresses are known to be zero everywhere. The quantities 
Efc, a^, of which there are 3 m, will be called characteristics of dis- 
locations (they are the "caracteristiques de la distorsion" of V. Volterra). 

NOTE 1. There arises the question: Why is there no possibility of 
dislocations in a simply connected body} For example, a sector may be 
cut from a circular disc in order to bring into contact and join free edges; 
thus, of course, stresses will arise in the disc and apparently the same case 
will occur as for multiply connected bodies. But the difference here is 
that in this case the stresses will not satisfy the conditions of continuity, 
stated in § 29, because it has been seen that for a simply connected body 
the displacements cannot be multi-valued, provided the conditions of 
continuity are fulfilled. 

2. A similar answer must be given to the question as to why one had 
to restrict consideration to dislocations, caused by removal (or addition) 
of strips with congruent sides and joined in a definite manner. 

§ 46. Thermal Stresses. There is a remarkable relation between the 
dislocations considered above and the stresses caused in a body by a 
non-uniform temperature distribution; this will now be explained. But 
first it is necessary to become acquainted with the law expressing the 
effect of non-uniform temperatures in an elastic body. The equations of 
the theory of elasticity, hitherto used, refer to the case when the temper- 
ature is the same throughout the body. On the basis of a law, enunciated 
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by J. M. C. Duhamel and F. Neumann (cf. A. E. H. Love [1], Chap. Ill), 
the following relations hold in the case of non-uniform heating between 
the components of strain and stress: 


Xx == — vJ* + X6 -f 2fi. Yy - vT + X6 + 2{jl , 

cx dy 


^ * — = — X6 -{- 2(jl 


dw 


(46.1) 



here T denotes the temperature at a given point, taking as “zero'* of the 
temperature scale the temperature of the body in its “natural" state; 
V is some positive constant depending on a property of the material of 
the body. (This law is only strictly applicable for not too large temper- 
ature variations, because the coefficients X, p, v change with the 
temperature and these changes cannot otherwise be disregarded.) 
The equations (46.1) replace, for the present, the generalized Hooke's 
law and they only differ from those, expressing the latter, by the terms 
— v7" on the right-hand sides of the first three formulae. 

The components of stress must, of course, satisfy the same equations 
(18.1), since in their deduction no assumption regarding the temperature 
distribution had to be made. 

Consider now the case of plane strain of a cylindrical body, studied in 
§ 25 {w = 0,u,v independent of z), and assume that T does not depend 
on the coordinate z. Likewise let there be no body forces present. Then 

Y, - A% - 0, 


dX^ dX. 
dx dy 




' = 0 , 


du 


Xx — — vT -j- X6 2|x Y y 


dy 

dv 

-vT + X0 + 2g.~~-“, 
dy 


X^ 




dv du \ 
dx ^ ^ ’ 


du dv 
dx 


and 

Theory of ElasUcity 


z, = X9 — vT. 


(46.2) 


(46.3) 


(46.4) 

11 
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or, noting that by (46.3) 

Xx + = — 2vr + 2(X + (i,)6, 0 = ^ 

2(X -t- ti) X + tx 






Let it now be assumed that one is dealing with a steady state of heal flow, 
so that the temperature T depends only on x, y and not on the time, \rhen 
it is known that \ 

^T == 0. (46.5) 

\ 

i.e., T is a harmonic function of x and y. Denote by F{z) the function of 
the complex variable z — x + iy (there being no danger of a confusion 
with the coordinate z), having as a real part T{x, y), and put 


u*{x, y) + iv*(x, y) = f F(z) dz. 




Obviously, 


Further, let 


du* 

dx 


cv^ 

dy 


-r. 


dy 


dv* 

dx 


ti = H “b 


vw* , vv’*' 

2{X + (x) ' ^ 2{X + |x) 


(46.6) 

(46.7) 

(46.8) 


where u', v' are two new functions. Substituting from (46.8) into (46.3) 
and using (46.7), it is easily verified that 


X, = X0'4-2(i- 


where 


du' 

Jx"’ 


XQ' “|~ 2(x • 


dv' 

dp 


x^ 


( dv' \du' \ 


du* dv* 


Thus it is seen that the functions X^, Yy, Xy, u', v' satisfy the well known 
equations of the plane theory of elasticity, as if the body were uniformly 
heated (in fact, as if T = 0), where u', v' play now the parts of the dis- 
placements. (This property was stated in the Author’s paper [1] and in a 
somewhat changed form in his paper [2]; a short study of the results 
has likewise been given in a section of his paper [3]. A long time after- 
wards, H. Poritsky [1] published similar results). 
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Thus, the problem of the study of stresses in a given cylindrical body, 
caused by a steady flow of heat, in the case of plane strain is reduced to the 
ordinary problem (i.e., for J' == 0) for a body of the same shape with the 
same external stresses acting on its sides. This latter problem (concerned 
with Xa-, Yy, Xy, u\ v') will be called the auxiliary problem. The fact 
that the stresses Xj,, Yy, Xy are the same in the original and in the auxiliary 
problems is very remarkable. 

First, consider the case of a simply connected body. Suppose that no 
external forces are acting on its side surfaces. Then the auxiliary problem 
is known to have only the following solution (omitting rigid body dis- 
placements) ; 

X, - Y, - .Y, == 0, e/' - t;' - 0. 

Thus, in a simply connected cylinder, steady heat flow (which depends only 
on X and y) does not cause stresses X^, Yy, Xy. The displacements will be 
given by the formulae, obtained from (46.8), 


2(X -f- (x) 2(X -f g.) 


(46.10) 


where w*, v* are determined by (46.6), using the temperature T{x, y). 
It must not be imagined that there are no stresses whatsoever present. 
In fact, the component will, in general, be different from zero and be 
given by (46.4') (where one has now to put = Yy = 0) : 


(46.11) 

X + (x 

It is seen that this direct stress Z, must be applied to the faces of the 
cylinder as a necessary condition for the maintenance of plane strain. 

If it is desired to find the solution when the faces are free from stress, 
one may, in the case of a long cylinder, resort to the following method 
(cf. § 25). The stresses applied, .say, to the "upper” face, which are given 
% (46.11). are statically equivalent to a force, directed parallel to the 
generators of the cylinder, and a couple, the moment of which is parallel 
to the face ; in an application, one may, for example, place the force at 
the centroid of the face. Similarly, the stresses acting on the “lower” 
f“nd may be replaced by a force and couple, opposite to the former. Next, 
'Superimpose on the solution obtained above that of the problem of a 
<Tlinder, subject to tension and bending by forces and couples opposite 
to those above. (It wiU be shown in Part VII that the solution of this 
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problem for any (long) cylinder may be obtained by quite elementary 
means.) This will give an (approximate) solution of the problem. Actually, 
the stresses applied to the faces will now be statically equivalent to 
zero. Thus, by Saint-Venant’s Principle (§ 23), they may be assumed to be, 
in general, non-existent (provided the dimensions of the faces are small 
compared with the length of the cylinder). Only near the ends, the solution 
will differ appreciably from the exact one. It may still be added that, as 
will be seen in Part VII, the components X^, Yy, Xy will be zero for the 
above-mentioned problem of tension and flexure of a cylinder. Thtis, 
one will have in the final solution, as before, Xx = Y y — Xy ^ Q and 
only Zy # 0. 

When the dimensions of the ends are not small compared with the 
height of the cylinder, one has to look for a more exact solution which 
does not only take account of the rc.sultant forces and moments, applied 
to the ends, but also of the actual stress distribution there. 

Now the case of multiply connected regions of the type studied in tlie 
preceding section will be considered. In this case the function F(z) 
the real part of which is the (single- valued) function T{x, y) may be multi- 
valued. In fact, reasoning in the same way as for the function ^(z) in 
§ 35, it is seen that 

m 

F{z) = S Bjc log {z — 2 *) -1- a holomorphic function, (46.12) 

fc-i 

where Bj.{k = 1 , . . .,m) are real constants and Zj, are arbitrary fixed 
points inside the contours 1,^. Further [cf. the deduction of (35.3)] 

M* 4- iv* = I F{z)dz ^zYiBk log (z — z*) -t- 2 (a* -+■ t^*) log (z — Zj) 4- 
J fc-i 

-|- a holomorphic function, (46.13) 

where a*, p* are certain real constants. (The constants B*, a*, p* will be 
known, if the temperature T{x, y) is given at each point.) For an (anti- 
clockwise) circuit of a contour, surrounding L^, this expression undergoes 
an increase (cf. the notation of § 45) 

«*+ — u*~ *(?;*+ — v*~) — 2m{zBk •+•«* + *P*)- (46.14) 

Let it be assumed that the body under consideration is not subject to 
dislocations, i.e., that the displacements of the original problem (u, v) are 
single-valued. Then, by (46.8), 

0 = («'+ — «'-) -f i(i;'+ — v'-) -f {(«•+ — «•-) + i{v*+ — V*-)} ’ 
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and hence, using (46.14), 

iztv 

(w'^ • U-) + i{v'+ - v'-) = ,, + 4 + (46.15) 

This formula proves that the displacements u', v' of the “auxiliary pro- 
blem” are the same as if the body {which is at uniform temperature) were 
subject to dislocations with the characteristics [cf. (45.2)] 


7n» 




X -f- [A 


B 


h 


TTV 

X + 



7CV 

X -f- (i 


(46.16) 


Thus, the auxiliary problem is reduced to the determination of the 
elastic equilibrium for a uniform temperature [T = 0) and for given 
characteristics of dislocations. 

If there are no external stresses acting on the side surface, the stresses 
Xx, Yy, Xy (in the auxiliary as well as in the original problem) are the 
same, as if the body were subject to given dislocations in the absence of external 
loading and for uniform temperature. 

If the sides of the cylinder are loaded in an arbitrary manner, the 
solution of the ordinary problem of the plane theory of elasticity for 
given external stresses applied to the boundary must be superimposed. 
As regards stresses applied to the ends, all that has been said with regard 
to the case of simply connected regions remains in force with the only 
exception that the stress Z* will not be given by (46. 1 1), but by the general 
formula (46.4'), because now X* + Yy will, generally speaking, be dif- 
ferent from zero. 



Chapter 7 


TRANSFORMATION OF THE BASIC FORMULAE FOR ! 

CONFORMAL MAPPING \ 

§ 47. Conformal transformation. In this section the simplest 
properties of conformal transformations will be recalled, without proofs 
being given. A very detailed study of the relevant theoretical problems 
may, for example, be found in 1. 1. Privalov’s book [1] or in a very recent 
book by M. A. Lavrentjev [1]. 

Let z and ^ be two complex variables such that 

2 = <0(0, ■ (47.:) 

where <o(0 is a single- valued analytic function in some region 2 in the 
^ plane. The equation (47.1) relates every point ^ of 2 to some definite 
point z in the z plane. These latter points will cover in the z plane some 
region 5. Convers;ely, let it be assumed that each point z of S, by (47.1), 
corresponds to some definite point of 2. It will then be said that (47.1) 
determines an invertible single-valued conformal transformation or con- 
formal mapping of the region 5 into the region 2 (or conversely). (In the 
sequel, when speaking of conformal transformations, they will always 
be assumed to be reversible and single-valued.) 

The transformation is called conformal, because of the following 
property which is characteristic for relations of the form (47.1), where 
ti)(Q is a holomorphic function ; If in 2 two linear elements be taken which 
extend from some point X, and form between them an angle a, the cor- 
responding elements in S will form the same angle a and the sense of the 
angle will be maintained. 

Unless stated otherwise, regions, considered in the sequel, will alway.s 
be assumed to be bounded by one or several simple contours, as was 
stated in § 37. The regions 2 and S may be finite or infinite (and, in 
particular, one of them may be finite, while the other is infinite). If, fnt 
example, the region 2 is finite and S is infinite, the function (<)(0 must 
become infinite at some point of 2 (as otherwise there would not be some 
point of 2 corresponding to the point at infinity in S). It is easily 
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proved that must have a simple pole at that point, i.e., assuming 
for simplicity that z — oo corresponds to ^ = 0, then 


< 0(0 


c 


+ a holomorphic function. 


(47.2) 


where c is a constant and no other singularities can occur in 2 ; otherwise 
the transformation would not be reversible and single-valued. If 2 and S 
are both infinite and the points at infinity correspond to each other, the 
function to(Q must for the same reason have the form 

w(0 = 4- a holomorphic function, (47.2') 

where 7? is a constant. It will be remembered that a function, holo- 
morphic in an infinite region, is understood to be one which is holomor- 
phic in any finite part of this region and which for sufficiently large | ^ \ 
may be represented by a series of the form 


^ _ 1 _ I I 

+ -^ 2 " + 


Further, it may be shown that the derivative c>)'(Q cannot become zero 
in 2; otherwise the transformation would not be reversible and single- 
valued. 

Next there arises the following question: If two arbitrary regions 
2 and S be given, is it always possible to find a function to(l^). such 
that (47.1) gives a transformation of S into 2 (and vice versa)? 
This problem has been solved in recent times with extremely wide 
generality. Here only some general remarks will be made. First of all, 
it is obviously impossible to obtain a (reversible and single-valued) 
transformation of a simply connected region into a multiply connected 
one. 

Consider now the case when the two regions are simply connected and 
bounded by simple contours. Then a relation of the form (47.1), mapping 
the one region on to the other, can always be found and the function will 
be continuous up to the contours. In addition, the function to(i;) may 
always be chosen so that an arbitrarily given point of 2 corresponds to 
an arbitrarily given point Zq of S and that the directions of arbitrarily 
chosen linear elements, passing through and z^. correspond. These 
supplementary conditions will fully determine the function oj(l^). 

For simplicity, suppose that 2 is the unit circle with its centre at the 
origin. Denote the circumference of the circle by y> so that one has on y 
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1 I = 1. Since the transformation is to be continuous up to the contours, 
the function to(^) will be continuous on y from the left (taking the anti- 
clockwise direction as positive); let its boundary values be denoted by 
<o(o), where <t = is a point of y. 

In the sequel, the behaviour of the derivative w'(Q near and on y 
will be of interest ; in particular, the question has to be considered whether 
to'(^) vanishes at any point of the contour. This problem is resolved| by 
the following proposition. For the sake of simplicity it has here b^en 
formulated for less general conditions than in the paper by V. I. Sniir- 
nov [2] ; the same remark applies to the sub.sequent proposition regarding 
the second derivative. 

If the coordinates of the points of the contour of S have continuous 
derivatives up to the second order along the arc (i.e., if the curvature of the 
contour changes continuously), the function is continuous up to 
y and, denoting its boundary values by cci'(a), 

$ w'(a)=-^---; (47.3) 

aa 

in addition, 

to'(o) 9 ^ 0 everywhere on y (47.4) 

(it being already known that a)'(Q 0 inside y). Further, if the coordi- 

nates of the points of the contour of S have also continuous derivatives up 
to the third order, the second derivative ci)"(Q will be continuous on y 
from the left and its boundary value o)"(a) is given by 


(o'(<t) = 


da>'(a) 

da 


(47.3') 


In the sequel, unless stated otherwise, it will be assumed that one is dealing 
with contours satisfying these conditions. 

Note also that, once the region S has been mapped on to the unit circle, 
it can always be transformed into the infinite plane with a circular hole. 
For this purpose it is sufficient to make the substitution 



in fact, when X, covers the region | C ! < 1 . 2^1 covers the infinite region 
with a circular hole | | > 1 , and hence, considering ^ as a function of 

1^1, one obtains the required transformation. In the sequel, finite simply 
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connected regions will almost always be mapped on to the circle | C | < 1 , 
and infinite simply connected regions on to the region 1 [ > 1 . In both 
cases one could limit oneself to transformations into the circle 1 ^ | < 1 , 
but the stated convention is somewhat more convenient in practical 
applications, s 

Next, a few r^arks will be made with respect to multiply connected 
regions. Obviouay only regions of equal connectivity may be mapped 
on to each other. For exa*nple, a doubly connected region S (i.e., a region, 
bounded by two contours, because regions of more general shape will not 
be c#nsidered here) may always be mapped on to a circular ring. But, in 
contrast to the case of simply connected regions, this ring may not be 
chosen quite arbitrarily. The ratio of the radii of the inner and outer 
circles will depend on the shape of S. 

Two simple theorems will now be stated which are very useful in 
practice : 

I. Let Yt be a finite or infinite (connected) regiotmn the ^ plane, bounded 
by a simple contour y (no other assumptions being required with respect 
to theicontour), and let w(Q be a function, holomorphic in Y, (including 
the point at infinity, if the region is infinite) and contimtous up to the 
contour. Further, let the points, defined by z — ca(Q, describe in the z plane 
(moving always in one and the same direction) some simple contour L, 
when ^ describes y (where it is assumed that different points of y correspond 
to different points of L). Then z = <o(^) gives the conformal transformation 
of the region S, contained inside L, on the region Y (and vice versa) (cf. 
W. F. Osgood [1] p. 377 where a completely elementary proof is given, 
assuming the contours y and L to consist of a finite number of smooth 
arcs; see also M. A. Lavrentjev [1], § 61). 

This theorem may be generalized to the case of multiply connected 
regions in the following manner: (The proof of the generalized theorem 
differs little from that given for the preceding one by Osgood). 

II. Let Y be a finite or infinite (connected) region, bounded by several 

simple contours y^, yj, . . y» (having no points in common). Let w(ll) be 
a function, holomotfphic in Y and continuous up to the boundary, and let the 
point z, defined by z — t>i(Q, describe in the z plane the simple contours 
^ 1 ' L^, (not having common points), bounding some (connected) 

region S, when describes the contours yi, . . . , y*. For this purpose it has 
been assumed that, when describes the boundary of Y in the positive direction 
(i.e., leaving S aU the time on the left), the corresponding point z describes the 
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boundary of S likewise in the positive direction. Under these conditions 
2 r = <o(^) represents the conformal transformation of S on to 'L {and vice 
versa). " 

These theorems are easily generalized in different dir<|etions (e.g., for 
the case, when the boundaries contain arcs) , but this will fee done here. 

f 1 

NOTE. It is easily seen that, if S and S are conformally transformed 
into one another by a relation of the form (47. l)<(the point z will mov^in 
the positive direction along the boundary of 5, when describes the 
boundary of S in the positive direction. This condition has not be«n in- 
troduced into the formulation of Theorem I, since it is not required in the 
proof; the conditions, included there, are already sufficient to prove the 
theorem. Thus, the direction in which S is described will without fail 
be as stated above. But for the formulation of Theorem II this condition 
is necessary; otherwise the theorem may be found to be untrue. 

The statement, rcfern|i|to the directions in which the contours are described, may 
be proved in the following manner. Let v be the normal to the boundary of D, 
directed inward, and t the tangent in the positive direction of the bounda|^;then 
V will be pointing to the left of t. The same relation will exist between the corres- 
ponding directions of n and t at points of the boundary of 5, in view of the fact that 
conformal transformation does not only preserve the magnitudes of angles, but als(j 
their sense. Here it has been assumed that the transformation is conformal up to 
the boundary, but the above slated property is also easily proved for the general 
case. 


§ 48. Simple examples of conformal mapping. 

1°. Bilinear function. Consider the case, when z is a 
function of ^ 


^ " 1 " 


(48.1) 


where a, b, c, d are constants (in general, complex) and ad — be ^0 
(the latter condition having been introduced to exclude the case, when 
the right-hand side of (48. 1 ) does not depend on Q. Solving (48. 1) for C. one 
obtains the, likewise bilinear, inverse transformation! 


— dz b 
cz — a 


(48.1) 


Thus every point of the X, plane corresponds to a definite point of the 
2 plane and vice versa. The point at infinity has not been excluded. In 
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fact, the point ^ — — — corresponds to the point z — oo, and z — ~ 

c , c 

to ^ = cx). Henc^(48. 1 ) gives an invertible, single-valued relation between 
the unbounjig^i Ptones of z and (It may be shown that the function 
(48.1) is the one having the stated property.) 

The bilinear tJ|insformation has the remarkable property that it preserves 
circles, i.e., that it relates any circle in the plane to a circle in the z plane 
and vice versa. For thii purpose straight lines are to be considered par- 
ticular cases of circles. This is most simply proved in the following way. 
The equation of any circle in the z plane is known to be of the form 

A{x^ + + Cy -f- D = 0, (a) 


where A, B, C, D are real constants (the case .4=0 corresponding to 

Z Z Z Z 

straight lines). Since x = — - — , y = — — , x^ A-y^ = zz, this equation 

2 2t 

may be written . 

Azz -f Mz -|- Mz + D = 0,* (6) 


wher# A and D are real and M, M are conjugate complex constants. 
It is ea.sily verified that, conversely, an equation of the preceding type 
may always be reduced to the form (a). In order to obtain now the 
equations of the lines corresponding in the X, plane to the circles in the z 
plane, it is sufficient to substitute in (6) from (48.1). After some simpli- 
fications, one finds 

A^^l + -f Ml -f- T>„ = 0, 


where A^, £>„ are real, M^, Mq are conjugate complex constants. Hence 
one has again obtained the equation of circles, as was to be proved. 

One of the simplest particular cases of (48.1) is 


z = 





(48.2) 


where is a real constant ; let it be assumed that i? > 0. In order to give 
a clear description of this transformation, the concept of the reflection 
of a point in a ciMe will be recalled. Let F be the circle with radius R and 
with the origin as centre. Let z be some point in its plane. Construct 
another point z', related to z in the following manner; 

z? = R\ (48.3) 

If 2 = then obviously z' r'e^^, where r = z\ and r' = \ z' \ are 
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the distances of z and z’ from 0 which are connected by the relation 

rr’=^RK (48.3') 

Thus, the points z and z' are located on the same ray throujgh 0 and their 
distances from that point are related by (48.3'). The point z', related to 

the point z in the ^ove manner, is 
called the refleciiot^f z in F. Clearly 
z is in the s*me sense the reflection 
of z'. The tran.sformation (48.3), re- 
lating z and z’, is also called an in- 
version. The points z and z' are also 
called conjugate points with respect 
to the circle F. When one of the 
points is given, the other is easily 
constructed by the use of a compass 
and ruler: If, for example, 2 be given 
outside F, it is sufficient for the 
construction of r' to draw the t^gent 
Fig. 20. from 2 to F and from there the per- 

pendicular to the ray Oz (Fig. 20). 
Obviously, for an inversion, the points of F correspond to themselves 
and the point z — oo corresponds to 2 ' = 0 ; points out.side F go over into 
points inside, and vice versa. 

Now consider the transformation (48.2). Imagine that the ^ plane is 
placed on top of the 2 plane in such a way that the origins and axes 
of their coordinate systems coincide. The point X,, corresponding to the 
point 2 = re^^, will then be given by 

_ 2' 

Hence the point X, may be found in the following manner: Reflect the 
point 2 in the circle F and reflect its image, thus obtained, in the real 
axis; the latter image will be the point X (Fig. 20). 

Next, another bilinear transformation of the form 



l—aX’ 




1 -j- az 


(48.4) 


will be studied, where « is a real positive constant. The points ^ = 0 
and ^ == l/« correspond to the points 2 = 0 and z = cx>; the point ^ = o® 
corresponds to the point 2 = — I /a. ITius straight lines, passing through 
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= 0 in the ^ plane, will correspond to circles, passing through the points 
0{z — 0) and 0'(z = — 1 /a) 

»y 



Fig. 2ia. 


in the 2 plane (Fig.s 21a, 216). Further, concentric circles with the centre 


at = 0 will correspond to circles 
in the z plane which are orthogonal 
to the circles, passing through the 
points 2=0 and 2 = — 1 /a (as a 
consequence of the fact that the 
transformation is conformal) ; the 
centres of these circles obviously 
lie on the axis Ox. 

Draw about the origin of the 
^ plane the circle y with radius 
p. The points 

^ = + p and ^ — p 

will correspond in the z plane to 
the points 



Fig. 216. 


b' 



^ — <0 


1 + «p 


(48.5) 
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on the Ox axis. Thus the abscissa c of the centre of the circle Z,, correspond- 
ing in the z plane to the circle y, and its radius are given by 


c = W + b") - 


r^av' 


r 



(48.6) 


let it be assumed that r < 0, if the point b' lies to the left of the point. 6". 
Ifp < 1 /a, then i' > 0 and r > 0, When p — > 1 /a, r and c increase beyond 
all bounds and L becomes in the limit the straight line perpendicular to 
the axis Ox and passing through the point K with abscissa — 1 12a. If 
p > \ja, the corresponding circle in the 2 plane lies on the other side of 
this straight line. 

Consider now two circles Lj and Lg ^he z plane, corresponding to 
two circles and yg with radii p^ and pg in the ^ plane, and let Pi < p 2 < 
< \ja. Then, obviously, the transformation (48.4) gives the conformal 
mapping of the region, contained between the two eccentric circles 
and Lg, on the ring, bounded by y^ and yg. Provided the elements, deter- 
mining the first region, be given, i.e., the radii 

Ti, (r^ > Ti) 


of the circles L^, and the distance I between their centres {I < — ^i), 

then it is easy to determine the quantity®, appearing in (48.4), and the 
radii p^, pj of the circles ^^^t, these quantities are given by the 

formulae 


Pi 

T-a^pf 


P2 


apl 


«PI 


9 2 * 

« P2 




®^pf 


l. (48.7) 


from which one obtains 

I 

_ — • -v/TT 4r|a* — 1 . 

— 2-"i • P2 — 


(48.8) 


The quantities a, pj, pg are easily constructed by the use of a compass and ruler. 
It is obvious that the points z ^ 0 and z ^ — Xja are simultaneously conjugate 
with respect to the two circles Lj and Lg, and this property allows the immediate 
construction of the above points. 


By the same method, the infinite region, consisting of the points 
outside two given circles and (Fig. 21«), may be mapped on the ring 
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bounded by the two concentric circles and with radii and pg. 
In this case pg > 1/a. 

2°. P a s c a I’s 1 i m a 9 o n 
Let 

z = == R{^ + mK^), R>0, 0^m< I (48.9) 

Putting 


z X + iy, ^ = pe**^, 


one finds 

X iy = 2?{pe*^ + 

whence 

X — i?(p cos {)• mp- cos 28-), y — R{p sin 8 + sin 28). (48.10) 

When the point ^ describes the unit circle y, the fwint {x, y) describes in 
the z plane the curve L the parametric representation of which is 

X — R{cos 8 4- wt cos 28), y — R(sm 8 4- w sin 28). (48.1 1) 

This curve is called Pascal's limagon and it is a particular case of the 
epitrochoids studied later on. If, as has been assumed, 

0 m 


this curve does not intersect itself and, while 8 varies from 0 to 27t, the 
point z traces it out in one and the same direction. Thus, by what has been 
stated at the end of the preceding section, (48.9) gives the conformal 
transformation of the region inside Pascal’s limagon on to the unit circle. 

For m = 0, the limagon of Pascal becomes a circle and, for m — 
a rardioid. In the latter case, the curve has a cusp at the point, corres- 
ponding to = — 1 , since (i)'(Q — 0 there. (The fact that w'(li) becomes 
zero on y does not contradict the statements of § 47, since in the case of 
the cardioid the boundary has a cusp.) 

Circles with radii p < 1 in the plane also correspond to lima9ons of Pascal 
the parametric representation of which is obtained by putting in (48. 10) 

p = const. 

The radii of the circles y in the plane are transformed into curves in 
the 2 plane, their parametric representation being found by putting 


8 = const. 
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in (48.10) (p will now be the parameter, 0 p ^ 1); these curves are 
easily verified to be parabolas. In fig. 22a are shown 



Fig. 22a. Fig. 22b. 

the curves, corresponding to the circles p = const, and the rays ^ = const, 
of Fig. 226. These curves are, of course, orthogonal. 

3°. Epitrochoids. 

Let z = 6)(i:) = I?{i; + wi:»), i?>0, (48.12) 

n 

where n is an integer larger than unity. Putting, as before, z — x iy 
and ^ = pc^®, one finds 

X — R{p cos S' + 7«p” cos nS), y = R(p sin S + wp” sin nS). (48.13) 

The circle 1 1^ | = p = 1 corresponds in the z plane to the curve L with the 
parametric representation 

X = R(cos S + w cos «S), y = jR(sin S + w sin mS). (48.14) 

These curves are epitrochoids. In fact, if a circle of radius rolls (in the z 
plane) on the outside of a circle with radius r,, then a point M, lying 
at a fixed distance I from the centre of the moving circle and travelling 
with it, describes the curve 

= (r^ + r,) cos S •4- 1 cos #tS, y = rj 4- sin S + / sin nS, (48.14') 
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where denotes the polar angle of the point of contact of the circles and 
n == (Ti + Putting 

^ n — 1 

= — . ^0 == ic / = mR, 


one finds that the curve (48.14') agrees with the curve (48.14). Since, by 
assumption, m ^ Ijn, one has 
I < Ti. Hence, the point M lies 
inside the rolling circle and the 
curve does not intersect itself. 

In the limiting case m = l/n 
the point M lies on the 
circumference of the rolling 
circle and the curve becomes 
an epicycloid having n — 1 
cusps. Fig. 23 shows the case 
n ^ 1 /m ™ 4. On the basis of 
the theorem, stated in § 47, it 
is concluded that (48. 1 2) maps 
the region inside the curve L 
on the region | | < 1 . The 

circles p ™ const, of the plane 23 

correspond in the z plane to 

epitrochoids the parametric representation of which is given by (48.13). 



4® Hypotrochoids. 

Let 

= = R>0. O^m (48.15) 

where « is a positive integer. In this case the curve L corresponding to 
1 ^ 1=1 is easily seen to be an hypotroChoid which does not intersect 
itself. It is described by the point M of a circle of radius r^, rolling on the 
inside of a circle with radius is the distance of M from the centre of 

the moving circle, then 


R 

n 


= R 


n + 1 


n 


I = mR. 


It is easily seen that (48.15) maps the outside of L in the z plane on to 
the region 1 1; | > 1 . Circles K | = p = const. > 1 in the plane also 

Theory of Elasticity 12 
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correspond to hypotrochoids in the z plane. If « — 1 , the contour L will 
be an ellipse; this case will be considered in detail later on. For m= 1 / m , 
the curve L becomes an hypocycloid with n -j- 1 cusps. 

When n — I jm — 2 or n = \jtn — 3, the corresponding contours 
have three or four cusps respectively, and they resemble in shape a triangle 
or square. Circles with radii p > 1 in the plane correspond in^ the z 
plane to hypotrochoids which likewise for p near 1 resemble triangles or 
squares with rounded corners. In Figs. 24 and 25 the cases n — 1/^ = 2 
and n = Ijtn == 3 are illustrated. 



Fig. 24. Fig. 25. 

If in (48.15) C is replaced by 1/C one obtains the transformation of the 
region inside the hypotrochoids on the unit circle; in this case 

= o>(C =-R(y + <”). (48.15') 

5°. Elliptic rings. 

Let 

z = = + y). R>0. (48.16) 

i.e., in the above notation, 

= /i ^p 4- cos 8-, y — sin 8^. (48. 17) 

Circles with radii pj correspond to ellipses in the z plane, their parametnc 
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representation being 

Af = i? ^pi + — ^ cos 9-, y = i? sin 9. 

If p^ ^ m, then the semi-axes of the ellipses will be 

«i - -R (pi + h “) (48. 18) 

and the point z describes an ellipse in the z plane in an anti-clockwise 
direction, as the point ^ moves around the circle with radius pj in the X, 
plane, likewise in an anti-clockwise direction. 

Thus, if one selects in the X, plane two circles Yi. Ya with radii pj, pj, 
and if p^ > p^ ^ then, by the theorem of § 47, (48. 1 7) maps the region 
between the ellipses Z-j and Z-g, corresponding 
to these circles, on the ring between them. 

The ellipses will be confocal, since by (48. 1 8) 
the distance c of the foci of the ellipse Lj 
from the origin is given by = aj — b‘( — 

— 4mR^, i.e., it is independent of p^. Circles 
with radii p (p^ < p < pg) will become ellipses, 
lying between and Lg and confocal with the 
latter. The rays 9 = const, in the plane will 
correspond to confocal hyperbolas, having the 
same foci as the ellipses. These ellipses and 
hyperbolas are, of course, orthogonal. 

If one lets pg tend to infinity, one obtains in the z plane the infinite 
region consisting of the points outside the ellipse this region is trans- 
formed into the plane with the circular opening Yi. In this case, the 
circle pj = ] will always be used, and hence one will have m ^ 1. For 
w 1, the ellipse becomes a straight slit. For m — 0, one obtains a circle. 

If one replaces in (48.16) by 1/C i.e., if one puts 

^ = <o(Q = i? 4- <), R > 0, 0 ^ w < 1, (48.16') 

one obtains the transformation of the plane with an elliptic hole into 
the unit circle | IJ j < 1 . 

6. As has just been stated, the function 

+ = = + (48.19) 
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transforms the infinite Zj plane with an elliptic hole into the circle 
1 I < 1 . The equation of the boundary of the opening will be 


Let 


then, by (48.19), 


(_ 

i?2(i + »t)2 ^ R^l—my 


1 . 


z — 


(48.20) 


(4fe.21) 


«(j:) 


(48.22) 


R{1 + 

which maps the finite region bounded by the lemniscate of Booth on the 

unit circle. When m is almost equal to unity, this 
region differs little from that produced by two 
contacting circles of equal radius. Fig. 27 .shows 
the curve corresponding to w — 0.8. 

If one replaces the transformation (48.21) by 

z c~ * 

where the point c is outside the ellipse (48.20), 
then one is easily seen to obtain the transfor- 
mation of some region, which for m — 1 becomes 
the infinite plane cut along the arc of a circle, 
into the circle | | < 1 . (In fact, for w = 1, the 
ellipse becomes a straight slit, and hence it is 
transformed into the arc of a circle, because 
the bilinear transformation, of which the above 
is a .special case, maps straight lines into circles). 



§ 49. Curvilinear coordinates, connected with conformal trans- 
formations into circular regions. In the sequel, use will be made of 
conformal mapping of a given region 5 in the z plane on the region S of 
the ^ plane, where the latter will either be a circle, a circular ring or the 
infinite plane with a circular hole ; the origin = 0 will always be chosen 
as centre. In all these cases it is natural to introduce polar coordinates 
p and ^ in the ^ plane by putting = p«^. Circles p = const, and radii 
8- = const, of the plane wiUcorre spond to certain curves in the z plane 
which will be denoted by p = const, and = const. 
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If S is a finite region bounded by one contour L and L the unit 
circle with centre at C == 0, it can always be assumed that the points 
0 and ^ ~ 0 correspond to each other. Then the curves p = const in 
the z plane will be simple contours, surrounding ^ 0, while the curves 

= const, will pass through this point and end at the contour L which 
will correspond to p = 1 . 

If S is an infinite region bounded by a simple contour L and S the in- 
finite plane with a circular hole, and if the points = cx) and z = oo 
correspond to each other (and it is known that this can always be arranged), 
the curves p — const, will be contours surrounding L and the curves 
^ -- const, will start on L and go to infinity. Similar circumstances will 
prevail when the infinite region S is mapped on the circle j C I < 1 • 
Likewise it is easy to understand the distribution of the curves p = const, 
and -9^ =-= const, in the case of a region 5, bounded by two contours and 
mapped on the circular ring S. 

The quantities p and 9* may be considered as curvilinear coordinates of 
the point (x, y) of the z plane. They are related to x, y by the equation 

^t + iy = a>(g = co(pc'‘>); (49.1) 


the lines p = const, and ^ — const, will be the coordinate lines which, 
as a consequence of the conformal property of the transformation, will 
bo orthogonal. 

Let there be given some point of 
the z plane and draw through it the 
relevant lines 

p = const, and ^ = const. 



Let (p) denote the tangent to the 
line & == const, drawn to the side 
of increasing p. Let (■8') be the tangent 
to the line p = const, drawn to the 
side, of increasing 8-. These tangents 
will be called the axes of the curvi- 
linear coordinates at the point (p, 8). 

fhe system of axes (p), (8) in the stated order is oriented as the system 
of axes Ox, Oy, i.e., moving in the positive direction of the axis (p), the 
axis (8) is directed to the left. This follows already from the fact that 

conformal transformation preserves the orientation of directions. 

Let A be some vector in the z plane, starting from the point z = 
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(Fig. 28). The projections of this vector on the axes Ox, Oy will be denoted 
by .4*, Ay, and on the axes (p), (S-) by A^, A^. Obviously 

A^ + iA^ = + iAy), (49.2) 

where a is the angle between the axes (p) and Ox, measured from the latter 
anti-clockwise. If the point z be given a displacement dz in the tangential 
direction (p), the corresponding point will undergo a displacement d1^ 
in the radial direction. Hence 


dz = I dz \, dZ, = e'^ | dZ, |, 

whence 

\dz\ IcofQMrfa |< 0 '(Q 1 p 

lco'(Ql p |c.)'(qi- 



r<»'"(!:) 


(49.3) 


(49.4) 


§ 50. Transformation of the formulae of the plane theory of 
elasticity. In the sequel, expressions will be required for the quantities 
dU dU 

— — , -- — (i.e. , for the derivatives of the Airy function) , the displacements 
dx cy 

and the stresses in terms of the new variable Z, defined by 

z = <o(Q. (50.1) 

Denote by 

the functions which were earlier written as 

9 (^), <J;(z), <D(z), 'F(z) 

and introduce the new notation 


9(Q = = 9i(w(0)* 4'(0 = 4'i{^) = 

9'ra Yfn T (-1 


(50.2) 

(50.3) 
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With this notation, the formulae (31.4) and (32.1) become 

du du to(o — — 

^ + .'-^-»»(g+^<p-K) + W). (50.4) 

and 

2(x(m + iv) = X 9 (i;) - (50.5) 

w'(j;) 

respectively. The components of the displacements in terms of 

the curvilinear coordinates are, by (49.4), 

Vp + iv^ {u + iv ) , ( 50 . 6 ) 

P I I 

and hence 

2(x I o.'iK) 1 . (f, + iv^)= - 17(^) {x(p(!:) - (50.7) 

P ^ t» (C) * 

Next, the components of stress will be found in the curvilinear coordi- 
nate systems. Denote these components by pp, ^{1, p& so that, if the system 
O'x'y' is placed in such a way that the axes O'x' and O'y' coincide with 
(p) and (9-) respectively, one has 

pp = X ^, , 1>'9- — Yy , , pS- = Xj,- 

(cf. § 39). Then, by (8.8), 

— 2i'^ ={Yy—X^ + 2f X,)e=*‘“. (50.8) 

By (32.9), (32.10) and (49.3), the last giving 

.2,-. (<^'(0)^ co'(!:) 

‘O'(^) P" w'(C)to'(q P® to'(!:) 

one easily finds 

pp + M = 4910(1:) - 2[0(i;) -f 0(1:)] . (50.9) 

pp + 2 * p» = — 5 L{a)(i:) o'(i:) -f co'(i:)T(i:)} . (50.10) 

p*a)'(g 

Subtracting (50.10) from (50.9), one obtains 

pp - i p» = 0(i:) -f ^ {i^)0'(i:) -f 0>'{QY{K)} . (50. 1 1) 

p*w'(i:) 
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giving the stresses acting on the contour p = const, from the side where 
p increases. The formulae (50.7), (50.9) — (50.1 1) are analogous to those 
given by G. V. Kolosov [1,2]. 

Finally, a formula will be deduced which relates to the case when an in- 
finite region S is mapped on an infinite region S, so that the points = oo, 
z = oo correspond to each other. Then for large | z |, by (36.4) and (36.5), 

<Pi(^) = — - ^ - p ^y-log z+rz + 9j(z) , 

271(1 + >t) 

.IX -m 

where 95(2), ^.re functions holomorphic at z == 00. Further, for 

sufficiently large | ^ | and 1 2 | [cf. (47.2')], 

6>(Q == + ^0 + + • • * ^ 2) 

Hence, by (50.12), 

=- + (50-14) 

271(1 + x) 

-KQ = r ^ 

27t(l -(-x) 

where <Po(0> 'i'oiO functions, holomorphic for ^ = oo. 

§ 51. Boundary conditions in the image regions. First consider 
the case when the (finite or infinite) region S is bounded by one simple 
contour £. Map this region on the unit circle or on the infinite region out- 
side this circle (there being really no difference, but, generally speaking, 
it will be more convenient in practical problems to map finite and infinite 
regions on similar types of regions). 

The boundary condition of the first fundamental problem, i.e., when the 
external stresses acting on the boundary are given, may be expressed 
in two ways. Firstly, by starting from (41.5), which becomes in the new 
notation 

dU dU -T— 

4- j 4. z(p^{z) + tj;i(z) + tfi -f const, on L. 

Introducing 1^ by the relation z = w(JJ) and denoting by o = points 
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of the circle y, corresponding to the contour L, this condition takes the 
form [cf. (50.4)] 

<p(<j) + •:S£L q)'(ff) + -fi + ifz + const, on Y- (51.1) 
“'(®) 

In this formula fi -f if^ is a known quantity defined by (41 .3), i.e., 

8 

h + ifi = i j {Xn + iYn)ds, (51.2) 

0 

where the integral on the right-hand side is taken with respect to the 
arc coordinate s of the contour L ; thus -t- if^ is a definite function of s. 
But s is also a function of the arc & of the contour y, and hence -f in 
(51.1) may be considered as a known function of 
The boundary condition of the first fundamental problem can also be 
expressed in terms of the functions 0 and Y, if one makes u.se of (50.1 1) 
which gives (for p = 1) 

0(cr) -f- <I>((j) — — ■ {(i>(ff) 0'(a) -j- (o'((j)T(o)} = pp — i p9- on y, (51 .3) 
(o'(o) 

where pp and must be understood as known functions of 
The boundary condition of the second fundamental problem may be 
written, using (50.5), 

X 9 ((j) 9 » — (j^(o) = 2[i(gi -f igg) ony, (51.4) 

(o(a) 

where gj, are the boundary values of the displacement components 
u and V (referred to the old coordinate axes Ox, Oy), but referring to the 
angle 

An analogous procedure may be used in the case of a doubly connected 
region, bounded by two simple contours L-y and L^, after mapping it on 
a circular ring (cf. § 41). 




PART III 

SOLUTION OF SEVERAL PROBLEMS OF THE PLANE THEORY 
OF ELASTICITY BY MEANS OF POWER SERIES 


Several simple boundary value problems of the plane theory of elasticity 
will be solved by use of power series. This method of solution is directly 
applicable to regions bounded by one or two concentric circles. However, 
conformal transformation permits extension of the method to regions 
of more general shape. 




Chapter 8 


ON FOURIER SERIES 

§ 52. On Fourier series in complex form. In the subsequent 
sections use will be made of the expansion of given functions in Fourier 
series and it will be more convenient to represent them in complex form; 
some remarks will now be made about this. 

Let f{^) be a real function, given in an interval 0 < fl < 2n. Under 
well-known, very general conditions, such a function may be represented 
in the form of a Fourier series 


where 


1 

*4 = - 

TZ 


/(S') = |ao 4- S (a*; cos AS -f sin AS), (52.1) 

fc-i 


2Tt 



cos AS tfS, 


2n 



sink^d^ (ife = 0, 1,2, (52.2) 


In order that the function f(^) may be developed in a Fourier series, it is suf- 
ficient, for example, that it satisfy in the interval (0,27r) under consideration the 
so-called Dirichlet condition which consists of the following; The function 
is continuous in the interval, with the possible exclusion of a finite number 
of first order discontinuities, and has a finite number of maxima and minima. 
A discontinuity of first order is such that, if be the point of discontinuity and 
if the argument 0- tends to from the left or from the right, the function f(&) 
tends to (different) finite limits (“limit from the left“ or “limit from the right“) 
which are usually denoted by /(^o — 0) f(^o + 0)- The Dirichlet condition 
farther assumes that, when ^ approaches the ends 0 and 2t: of the interval, the 
function /(O*) tends to definite limits which are denoted by /(+ 0) and f(2Tc — 0). 

If the Dirichlet condition is satisfied, the Fourier series (52.1) converges at all 
points of the interval (0,2:r). However, at points of discontinuity, it does not give 
the value /(^g), but 

mo-0) +m + 0) , 

2 

at the ends 0 and 2n: of the interval the series gives 

/(+0)+/(27r-0) 
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If /(-Q-) does not only satisfy the Dirichlet condition, but Is also continuous 
throughout the interval 0 ^ 2k, and if further /(O) = /(2k), the Fourier series 

gives the values of /(^) in the whole interval, including the ends; in this case the 
series converges uniformly. 

Finally note that functions, satisf 3 dng the Dirichlet condition, are particular 
cases of so-called "functions with bounded variation". All that has been said here 
and later on will remain true, if the Dirichlet condition is replaced by the less strict 
requirement that the functions are of bounded variation. 


Substituting in (52.1) the known expressions 
cos kb = , sin kb — 

2 2t 


one finds the expansion 


/(») = 

““ 4- S J**" 

(52.1') 

which, with 



«o 

(Xjc i&u 4 “ ^ 3 * 

(52.2') 

2 

i 

II 

j 

<N 

II 

CN 

0 

II 

gives 




m = + 2 

(52.3) 




This formula may, obviously, be written 

f(b) = (52.4) 

— oo 


where summation extends over all integers from — oo to + 00 . 
In order to deduce expressions for the coefficients a,., note that 


2rc 



{ 0 , if « is an integer, 
2tz, if w = 0. 


« 7^ 0, 


(52.5) 


Mtiltiplying both sides of (52.4) by where n is any integer or zero, 
and integrating with respect to from 0 to 27t, one obtains 


2Tt 


2n 




+00 r 

== S a*. / 
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But, by (52.5), the only non-zero term on the right-hand side is obtained 
iox k = n and it is equal to 27ia„. Hence 

2Tr 

(52.6) 

0 

The above deduction would be quite correct, if the series on the right- 
hand side were uniformly convergent, because in that case the integration 
is permissible. But the result (52.6) holds also true when the function 
/(9-} is an ordinary Fourier series. In order to verify this, it is sufficient 
to note that (52.6) may be obtained indirectly by replacing in (52.2') 
a* and p*. by their expressions (52.2). 

Consider now an expression of the form /j(^) -f- »/2(9'), where and 
/a are real functions which may be represented in the interval (0,27t) 
by ordinary Fourier series, and hence by series of the form (52.4). Adding 
these series, after multiplying the second one by t, one obviously obtains 
a series expansion of the form 

/i(»} + = (52.7) 

where “ 

= 2^ f (A + (« = 0, ± 1, ± 2, . . .). (52.8) 

0 

The only difference from the preceding cases is that there the quantities 
are conjugate complex numbers, as follows from (52.2') or 
(52.6), whereas here a„ and will not, generally speaking, be conjugate. 

NOTE. Separating real and imaginary parts, one may, conversely, 
find from (52.7) the common Fourier series for the functions fi{^) 
and /^(S-). In fact, putting a* = a* -f (where a*, p* are real), one finds 

/i + */* = ^(a& + »Pifc) (cos + i sin k^) = 

.oo 
•f oo 

= S (a*; cos ^9- — Pi sin k^) + » S (p* cos + a* sin k9) = 

— OO 

= ao -f s {(a* -t- a_i) cos — (p* — p_i) sin *9} + 

fe -1 

+ ^ ^ {(Pfc 

k^l 
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Hence 


/i(^) = cos sin k^), 

fc=i 

fii^) = ^ (-^fc cos kd- + sin k^), 

fc-i 

where 

^-^0 -^/c “ ”i" ^—kt ^k ” I^A: “1“ fc> 

== Po. ^fc = Pi+P-lt. ==«* — «-*: (^=1,2,3,...). 

Incidentally, it follows from the foregoing that the expansion of the form 
(52.7) is unique, because this is known to be true for ordinary Fourier 
series. 

§ 53. On the convergence of Fourier series. If a function /(S-) 
is continuous and has in the interval 0 < 9- < 2:: continuous derivatives 
of order up to and including v — 1, and if, further, the derivative of order 
V satisfies the Dirichlet condition in that interval, the coefficients a*., Pt 
of the Fourier series (52.1) satisfy inequalities of the form 

Io^’cK—T' iP*l<>n- (^=1.2....), (53.1) 

where C is a positive constant. 

The above statement that a function is continuous in 0 •9- :S 2Tt will be 

understood to mean that the function is not only continuous in this interval, but 
also that its values at the end of the interval are equal to each other. The inequalities 
(53.1) will also be true, if one assumes that the vth derivative is of bounded 
variation. 

It follows from (53.1) that the coefficients of the complex Fourier series 
(52.7) satisfy inequalities of the form 

^k I < ivt-i (^ = ± 1. ± 2, . . .), (53.2) 

provided /i(9) and ^(S') satisfy the conditions stated above for /(9). 

If V = 1, i.e., in the case, when the function has a first derivative 
satisfying the Dirichlet condition, one will have 

C C 

I I 

from which it follows that the Fourier series for /(9) will be uniformly 
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and absolutely convergent. (Uniform convergence actually ensures 
continuity of /(S') and bounded variation, or, in particular, fulfilment 
of the Dirichlet condition.) In fact, one has 

2C 

I afc cos AS- + Pfc sin AS- I < | | + | p* | ; 


thus the terms of the series (52.1) are less in absolute value than the 
terms of the convergent series 


oo jc 

fc-i 


IT- 

fc-i 


with positive terms, which do not depend on %■. 


Theory otElasticity 


13 



Chapter 9 


SOLUTION FOR REGIONS, BOUNDED BY A CIRCLE 

§ 54. Solution of the first fundamental problem for the circle.! 

Solutions of this problem have been given by many authors. A\ 
simpler, but less elementary solution is given in § 80. \ 

Let the origin of coordinates be at the centre of the circle with radius \ 
R. Let X„, Y„ be the known components of the external stresses, acting \ 
on the circumference L of this circle. They will be assumed to be con- 
tinuous and single-valued on L and varying with the polar angle ft, 
measured like the arc coordinate s from the positive Ox axis. 

By (41.3), 

ft 

/i + ik = i^n + iyn}ds = tRj (X„ -f (54.1) 

0 0 

It is known that for the existence of a regular solution the functions 
/i and /j must be continuous and single-valued on L (§42), i.e., one must 
have 


(X„ + tY„)d^ = 0 (54.2) 


(which means that the resultant vector must vanish). Further, the 
condition of zero resultant moment (§ 42) 

(kdx -f kdy) = 0 


here takes the form 


2n 


(— /j sin ^ -f /a cos ^)d^ = 0. 


(54.3) 


The conditions (54.2) and (54.3) will be assumed satisfied. 
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The boundary condition (41.5) may be written (putting const. = 0) 
(p(2) + z^'{z) + 4/(2) = /i 4- ifz on L. (54.4) 

The expression ifz Hiay be represented by the series 

h + (54.5) 

the coefficients of which may be calculated by the method of § 52; 
hence these coefficients will be assumed known. 

It is known that the functions 9(2), 4^(2) must be holomorphic inside L 
and that, by § 41, one may assume <p(0) = 0. Thus 9(2) and 4^(2) may be 
developed for U"l< R in power series of the form 

9(2) S ^{z) = S a>^ (54.6) 

h‘-\ A--0 

where in the first series the constant term is absent, because of the con- 
dition 9(0) — 0, Further, one has 

^ ka,l = X a'f^zK (54.6') 

Assuming these series to converge, not only in the interior, but also 
on L, and substituting them in (54.4), one finds 

OO GO OO 

X aj,z^ + ;: + S -j- if^ on L. 

A'--l k l A-O 

But on L: z == 1 — Re~^^. Noting also that 

2.x = X ka^R>^e + S (ft + , 

k I k- I fe-’l 

one finds from the preceding formula, using (54.5), 

X + a^Re'^ + X (ft + 2)a^+zR^^^ + S = X 

k - 1 k - 0 *=0 — OO 

Comparing coefficients of e’*, one obtains 

UyR 4- aji == A i.e., a, + a, = . (54.7) 

Similarly, one has for c’”* (n > 1) 

a„i?" = i4„ («>!)• 


(54.7') 



196 


HI. SOLUTION BY SERIES 


§55 


Finally, e (« > 0) gives 

(« + 2)a„+2i?«+2 + = A_„ [n > 0). (54.8) 

The equality (54.7) is only possible, if .4 ^ is real, since a -h = 2ai, 

where is the real part of a^. Hence, in order that the problem may be 

possible, one must have 

.<4i = a real quantity. (54.9) 

The meaning of this condition will be explained below. If it is satisfied, j 
the real part of the coefficient a^ is given by ) 

ma, = = 4i-. (54.10) 


As was to be expected, the imaginary part of aj remains indeterminate, 
because it is the imaginary part of ^'(0) which may be fixed arbitrarily 
(§ 41), for example, by putting it equal to zero. 

Further, the coefficients a„ (« > 1) are given by (54.7') as 

and, finally, one obtains for a^ (« > 0) from (54.8) [replacing all quantities 
by their conjugate complex values] 

' (« + 2)a„+,i?* = -(n + 2) (n > 0). (54.12) 


Thus all coefficients of (54.6) have been determined and the problem 
could be considered solved, once it has been proved that the series 
for ip(z) and 4 ^( 2 ) actually satisfy the conditions of the problem. This 
question will now be studied, but first the condition (54.9) will be 
explained. One has (§ 52) 


2tcAi 


2n 


0 2n 

== j* COS '9’ “h /2 sin -f- 


2it 

j (/j cos — fi sin 


i.e., (54.9) leads to (54.3) which expressed that the resultant moment of 
the external forces vanishes. 
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As regards the question posed above with respect to the series for 
9(2) and consideration will be limited to the simple case, when not 
only the functions and are continuous, but when also their first 
order derivatives satisfy the Dirichlet condition. (Actually, it is not 
difficult to prove the conectness of the solution for more general con- 
ditions, but this will not be done here.) It is easily shown that under 
the above conditions the series 

00 00 00 

9(2) = S 9'(2) = S ({>(2) = S a[.2*' 

fe-l JL-l fc-1 

are ab.solutely and uniformly convergent on the circle L, and hence 
also inside L. Thus 9, <};, 9' will be continuous up to the boundary and 
the solution is regular. 

To prove the convergence of these series on L, consider the series, 
formed by the moduli of the terms of the former when | 2 | — i?, 

S A; I a, 2: | % |I?*. {a) 

Since X„, Y„ have first order derivatives, satisfying the Dirichlet con- 
dition, the functions and /j have derivatives of second order, having 
the same property. Hence, by what has been said in § 53, 

1 ^ I ^3 ’ I ^ ^ (k — h 2, .. .), 

where C is some constant and, by (54.11) and (54.12), 

where C', C” are some other constants. From this follows immediately 
the convergence of the series (a), and consequently the uniform and 
absolute convergence of the series for 9, 9' and <1^. 

NOTE. The problem has been solved using the boundary conditions 
in the form (41.5). One could also have used the conditions in the form 
(41.9). This alternative proof will be left to the reader (cf. §56, where 
an analogous problem is solved by this method). 

§ 55. Solution of the second fundamental problem for the 
circle •). This solution is quite analogous to the preceding one. In fact, 
the condition (41.1) gives 

X9(2) — 2 9' (2) — 4/(2) 2y.(gi + igi) on L. (55.1) 

♦) Another solution is given in § 8 1 . 
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Developing the given expression 2\L{gi + iga) i^^to a complex Fourier 


MSi + kz) = S 

and substituting the series (54.6) in (55.1), one finds, as before. 


(55.2) 


X S d^Re^ ~ S (A; + 2}d^^’‘+^e-‘'^^—'L dlR>‘e-^'^^ = A 

fc = l A:-0 — oo 

and hence 

/?(x«i — di) = Ay, (55.3) 

iia„R” = A„ {n 1), — (« + 2)a„+2i?"+2 — a,'/?" -=/!_„ (« > 0). (55.4) 

All coefficients are determined by these formulae, i.e., in contrast to 
the case of the last .section, is also completely determined by (55.3), 
as was to be expected, since in the present problem it is impo.ssible to 
fix arbitrarily the imaginary part of <p'(0). In fact, equation (55.3) and 
its conjugate equation give 


xa, • -a, 


and hence 


Ai . A, 

R, x«, , 


xJ, + Ai 


(x2 — 1)A’ 


(remembering that always x > 1). 

As in § 54, it is easily proved that these series actually .satisfy the 
conditions of the problem, if, for example, g^ and have second order 
derivatives satisfying the Dirichlet condition. 


§ 56. Solution of the first fundamental problem for the infinite 
plane with a circular hole *). This problem may be solved by a method 
quite similar to that of § 54. However, as demonstration, use will be made of 
the boundary condition in the form (41.9). Let the origin of coordinates 
be at the centre of the hole of radius R. One has then, in the notation of 

§39. _ _ 

rr — i — N — iT on the circle L, (56.1) 

where N and T (cf. §41) are the components of the external stresses 

*) This problem will be solved by another method in § 82 for the more general 
case of an elliptic hole. Cf. also § 87a. 
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acting on the circumference of L in the direction of the normal n, outward 
with respect to the body (i.e., directed towards the origin), and of the 
tangent t, directed to the left of the normal n. 

The correctness of (56.1) is easily verified, i.e., the truth of the relations 

YY — N, Y^ ~ T. 

The definitions of rr and are given in § 39. It should not be overlooked that the 

axes (r) and (1>) of § 39 are now in the opposite directions of n and t, while rr and y^ 
refer to stres.ses, acting on the sides of elements opposite to the direction of n. 


The condition (41.9) may be obtained directly from (39.5) which 
gives 

<D( 2 ) + ^ + 'F( 2 )] =N — iT on L. (56.2) 

[In (41 .9) one should have instead of e^'^, where a = 9- ± is the angle 
between the normal n and the axis Ox. But ~ since e = 1.] 
Consider now the formulae (36.4), (36.5) and (36.7) and note that in 
the present case the expansions (36.7) hold true in the entire region 5, 
i.e., outside the circle L (cf. Note at end of § 36.) Differentiating the above- 
mentioned formulae, one finds for <I)( 0 ) = cp'(z) and ^(z) = ([''(z) ex- 
pansions of the form 

<1)(2) = i ^(2) = i (56.3) 

fc-O fe-.0 

where the notation for the coefficients is different from that of § 36. 
In particular, the coefficients Ug, a'^, a ,, a[ in (56.3) have the values 

^ r - B, r' = B' + iC, (56.4) 


(remembering that it had been agreed in § 40 to assume C = 0), 


X + iY _y.{X — iY) 
27t(l -\r x) ' 27 t( 1 -h xj 


(56.5) 


The formulae (56.5) are not necessary for the solution of the problem. 
One has, of course, only to use the condition of single- valuedness of 
the displacements which in the present case may be expressed as 

xflj -f dj = 0 (56.6) 

[cf. (35.7), where the quantities y* and y* refer to the contour L*; but 
here L = L^, y* = y^ = «(.] Substituting (56.3) in (56.2) and assuming 
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the series to converge on the circle L, one finds (cf. § 54) 

2 + 2 ^ - -jj- - 2 = 

= N — iT on L. (56.7) 
Expand the function N — iT, given on L, in a complex Fourier series 


N — iT 


(56.8) 


and compare coefficients of after introducing (56.8) into (56.7). 
Then one obtains from the constant term and from those involving \ 
and respectively 


A *^1 


For (w > 3), one finds 


(56.9) 


(n>3). 


while e (« > 1) gives 


J ^ ^ ^nl 2 

Rn ^«+2 


A_„ (n > 1). 


(56.10) 


(56.11) 


From (56.10) one finds 

(n>3). (56.12) 

Further, it is known that 

ao - r, a; = F', (56.4) 

where F, F' are known quantities, specifying the stress distribution at 

infinity. Hence, by the last of the formulae (56.9), 

^2 = T'i?2 + (56.13) 

In order to find expressions for and a'l, it is necessary to refer to the 
condition (56.6) for single-valuedness of the displacements which in 
combination with the second relation of (56.9) gives 




.4^2? , x4i22 

1 + X ‘ 1 + X 


(56.141 
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The first formula of (56.9) leads to 

a^ = 2TR^ — A^^ (56.15) 

and, finally, (56.1 1) determines all coefficients for « > 3: 

«; = («_ l)7?2a„_2 (n>3). (56.16) 

* 

Thus the problem of determining the coefficients has been solved. 

It is easily shown by elementary arguments of the type used in § 54 
that, if N and T second order derivatives satisfying the Dirichlet 
condition, the .series for 0(2), 0'(2) and 'F(2) will be uniformly and ab- 
solutely convergent on L (and consequently also outside L); it follows 
from this that they are solutions of the problem. 

NOTE. If one had started from the boundary condition (41 .5) instead 
of from (56.2), one would have obtained for cp(2), t}'(^) series, for which one 
could have proved by the method of § 54 that they solve the problem, 
provided X„ and Y„ have first order derivatives satisfying the Dirichlet 
condition. Thus, by applying the boundary condition (41.9) [i.e., con- 
dition (56.2)] , one has been forced to impose more restrictive conditions 
than would have been necessary with the condition (41.5). However, 
it is easily seen that these additional limitations are not due to the problem, 
but to the elementary method used in proving the correctness of the 
solutions. In fact, it is almost obvious (and this is easily verified directly) 
that, starting from (41.5), one would find for 9(2), 4'(2) series which 
could have been obtained by differentiating those found above for 0(2), 
T(2). But as 9(2), ({/(2) satisfy the conditions of the problem, obviously 
0(2) = 9'('2), ^"(2) ~ ^'(2) will also solve the problem. 


§ 56a. Examples. 

1°. Uni-directional tension of a plate, weakened 
by a circular hole. 

Let the edges of the hole be free from external stresses and let at 
infinity 

= y(^«) = = 0, 


where ^ is a constant, (i.e., tension in the direction Ox which is equal to 
p at infinity). Then, as is shown by (36.10) (remembering that, by sup- 
position, C = 0), 


r = 


P 


r' 


P 


(56.1a) 



202 


III. SOLUTION BY SERIES 


§56a 


Further, since on the contour N — iT = 0, one must put in the formulae 
of § 56 = 0 for all k. Under these circumstances (56.12) and (56.16) 

give 

a„ — 0 {n> 3), = 0 (n > 5). 


Also, from (56.4), (56#14), (56.13), (56.15) and (56.16), 


P ' P ' r. 

o,Q — Uq — - , — 0 , 

4 2 




— 2 ^4 — 


* 

3pR* 


and hence, finally. 


2/e2\ 

~z^) 


P 


), T(z) = -'-(l 


/ A’2 3 An 

--■+ ^ )■ (56.2«) 


Next determine the corresponding components of stress in polar 
coordinates. By (39.4), putting z = re'^, 

— / 2R^ \ 

rr+ 491 0(2) = />9i f 1 — - ^2 J "" 

' / 2R^ \ 

— ^ ( 1 cos 29 j, (56.3a) 

M — ?T+ 2[50'(2) + 




2A2 


■ + 


A® 


3R* 


-2ift 


}■ 


whence, separating real and imaginary parts and solving for rr, 99 
and r9, one finds 


rr 


( 


R«\ , p 




(' 


4A2 3A* \ 

+ . cos2&. 


p / A2 \ p / 3An 

^^ = --^1 +_j_ +-^jcos2{l. 




-|( 


1 + 


2A2 


— -- ) sm 29-. 


{3bAa) 
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At the internal boundary (i.e., for r — R), as was to be expected, one 
has 

rr — r& — 0, 

while the value of there is given by 

= /)(1 — 2cos2&) on £. 

The maximum value of flit thus occurs for cos 29^ = — 1, i.e., for 


«»=± 2 . 


where 


so that the value of the tensile stress is increased. 

This ])n)bleni was first solved by G. Kirsch (Zeitschrift des Ver. d. Ing., 1898) 
in a quite different way. Cf. also the solution by G. V. Kolosov [1], pp. 20 — 24. 
The solution for the case of an elliptic hole will be given in f 82a. 

In order to find the displacements, calculate the functions 


(p(z) = [ <^{z)dz, i,(z) = [ T{z)dz. 


One obtains, omitting unimportant constants. 

Pi. 


/ A’< \ 


Then, by (39.3), one has 

2(i(w, + iVft) = — -9'(s) — 


{(x-1) 


r + X - • ^ + 2re H 

r r r 


2i?2 2R^ 


whence, separating real and imaginary parts. 


Vr = — l)r* + 2R^ + i?*(x + 1) + -Icos 2^, 

Bur I L r^ J } 


— 1 ) 


sin 2fl. 
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2 °. B i-a X i a 1 tension. 

The problem of bi-axial tension of a plate with a circular hole is solved 
still more easily; in that case one has at infinity 

= p, = 0. 

By (36.8) » 

P 

• r = r-o. 

and, similarly as before, one finds ♦ 

«o = a'l = PR^ 

while all other coefficients of the series for 0(2), H!‘{z) vanish. Hence 

0(2) = ^(2) = (56.5a) 

and 

z z 

The stresses and displacements can be calculated, using, as before, 
the formulae (39.4) and (39.3) which give 

rr = p(\— ^!^ = p(^\ + = 0. (56.6a) 

. A [(,, _ 1)^2 4. 2R^I = 0. (56.6'a) 

4[jir 

This solution could have been obtained directly from the solution of 
problem 1° by superimposing two uni-directional stress distributions 
along the axes Ox and Oy respectively. 

3®. Uniform normal pressure, applied to the 
edge of a circular hole. 

Consider now the case when the edge of the hole is subject to uniform 
normal pressure P and when the stresses vanish at infinity. Then 

N = —p. 7 = 0, r = r' = o. 

In (56.8) 

= ^* = 0 {k^O); 
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hence, on the basis of the formulae of § 56, one finds that 

a.' = PR» 

and that all other coefficients of the expansions for ^(z) and T(z) are 
zero. Thus 


pji2 pp2 

O(z)==0, ^( 2 )= 9 ( 2 ) =0, 4-(z)= (56.7a) 

z 


and 


-- „ PR^ — Pi?2 — 

a.8. = — , rb = 0, 

PR^ 


(56.7'a) 


4°. A concentrated force, applied at a point of 
the infinite plane. 

Let the stresses at infinity be zero (F = F' = 0) and the stress, applied 
to the edge of the circular hole, have constant magnitude and direction: 




x_ 

2^’ 


Y 

2nR 


(56.8a) 


where X, Y are constants. Obviously {X, Y) is the resultant vector 
of the external forces. 

Under these conditions the normal and tangential stresses N, T are 
given by 

iV = i--(Acos»+ y.sin^), T = — ^^(— Xsin^ + F cos»). 


whence 

rr — ir^ — N — iT — — {X — iY)e^ on the contour. 

2kR 

Hence only one of the coefficients in (56.8) does not vanish, i.e.. 


Ax 


X — iY 
2itR 


and, by (56.14) and (56.16) for n — Z, 

X^iY + 

" 27 r(l +x)’ 27r(l+x)' * 7 r(l+x)’ 

while the remaining a„ and are zero. 
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Thus the problem is solved by the functions 


0(z)- 


X + iY 1 
27r(l + x) z’ 


Yiz) = 


x (X — iY)_ \ _ X + iY 

27t(l + >t) Z 7t(l + Jt) ^ 


Let it now be assumed that the radius of the hole tends to zero and that 
the stress {X„, Y„) increases beyond all bounds, so that the resultant 
vector {X, Y) remains unchanged. Then the preceding formulae give 


0(^) = 


X + iY 1 
2tz( 1 + x) z’ 




x(Z — jY) 1 
27r(l ^ 


(56.9a)| 


Under the stated circumstances it will be said that a concentrated \ 
force {X, Y) acts at 0. The state of stress, caused by a concentrated \ 
force, is determined by the functions C), Y of (56.9a). The determination \ 
of the components of stress and displacement docs not offer any dif- 
ficulties. For example, the stress components in polar coordinates are 
given by 


X + 3 X cos d y sin 51 
27 :(x -i- 1) r 

X — 1 X cos ^ y sin 
27c(x -f 1) ^ 

X — 1 X sin 9^ — y cos 9 
27r( x 1) r 


(56.9'a) 


NOTE. When considering thin plates (“generalized plane stress”), 
the constant x in the preceding formulae must be replaced by 


(cf. § 32), and the quantities X, Y by 

Xo yo 
~2h ’ '2h’ 


where X®, Y® are the components of the concentrated force, applied 
to the plate of thickness 2h. In fact, it must not be forgotten that X 
and y are distributed over the thickness of the plate. 


5°. Concentrated couple 

Consider now the case, when a constant tangential force T is applied 
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to the edge of the hole. Let the stresses vanish at infinity. Then 
rr = 0, — T on the contour. 


and only the coefficient A^~ — iT in the series (56.8) will be different 
from zero. 

The formulae of § 56 give 

a' == — = tTT?®: 


all other quantities a„, a,’ vanish. Hence, putting 


one has 


7\K2 = — 


M 
^ ’ 


<D(.-) - 0. 



1 

2® ’ 


(56.10a) 


where M obviously denotes the resultant moment about the centre 
of the external forces, applied to the boundary. These formulae remain 
valid also in the limiting case, when R decreases and T increa.ses in such a 
way that M remains constant. Then (56.10a) leads to what will be called 
the effect of a concentrated couple, with moment M about the origin, 
on the infinite plane. The stress components are easily found to be 

^ ^ ^ M 

rr = DD- ^0, rD- = . (56.1 la) 

2Tcr2 ^ ' 

(Cf. also the Note preceding this example). 


§ 57. On the general problem of concentrated forces. In § 56a, 4°, 
expres-sions have been found for the functions O and T", corresponding 
to concentrated forces acting at the origin of coordinates on an un- 
bounded body. Now let the region S be arbitrary in shape and, in addition 
to ordinary forces corresponding to the functions <t> and T holomorphic 
in S, let a concentrated force {X, Y) be applied to the body, say at the 
point 2 = 0. The effect of this concentrated force may be superimposed 
on that of the ordinary forces, and therefore the functions O and Y will 
have the form 


<D(2) 


X + iY 1 


27r(l + x) 


+ Oo(2), T(2) 


X(Z — J_ 
2n{l + x) z 


+ Y,(z) (57.1) 


near z = 0 [cf. (56.9a)], where Oj and Tq are functions holomorphic 
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in the neighbourhood of that point. If the concentrated force is applied 
at some arbitrary point z — 2 o. instead of at 2 = 0 , then, using 2 ^ as 
origin of an auxiliary coordinate system, (57.1) will take the form 


<Di(2i) = - 


x + f y 1 

2n[\ + x) 


+ mh). 


^i(h) = 


y.{ X — i Y) 
2n[\ + x) 




where 2 i = 2 — Zq. Reverting to the old system, one finds from (38.3) 
and (38.4) 


0 ( 2 ) = 


X + iY 1 

! L. On 

2n{\ + x) 2 : — Zq 




iY) 


2tc{1 + x) 


j 

Z Zq 27 c{\ 4 " y) 




(57.2) 


The index 0 on the symbol indicates that the function is holomorphic 
'near the point z == Zq. Integrating one obtains for 9 and ^ 


, , , x(Z — iY ) , , , ZoiX + iY) 1 

"" TmiTT ~ + ■rvviLi 'r ; — r + 

27r( 1 + ^) 2tc( 1 + >t) ^ — ~o 


(57.3) 


In an analogous manner one finds for a concentrated couple M, 
at 2 = 2 o, 

iM 1 

TW = - + T.W, 

and 

1 

9 ( 2 ) = (poW. i>i^) = 7 , — "Y + 'PoW (57.5) 

27r (2 — 2 o) 

[cf. (56.10«)]. 

It is thus seen that the point of application of a concentrated force 
or couple is an isolated singular point of the functions cp, t}', 'f- Con- 

versely, every isolated singular point z^ — x^-\- iy^ of these functions 
(if the existence of such points is admitted) may be considered the 
point of application of concentrated forces or moments. In order to 
determine the analytic character of the functions <p and 4 ^ near these 
points, it is sufficient to apply the reasoning of § 35 by surrounding the 
point Zq by a sufficiently small contour Lq and considering this contour 


applied 

(57.4) 
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as one of the boundaries of 5. Then, by § 35, one has near z = 

(p{z) = — log (z — Zg) + <p*(z), 

27t(l + x) 

(57.6) 

4'(^) = -StT (^ — 2o) + '}'*(2). 

271(1 + x) 

where cp*, are single-valued near Zq, X and Y are the components 
of the resultant vector of the ^external forces, applied to Lq ^.ny 

other contour, surrounding z^. 

The functions 9*, ^*, which are single-valued in the neighbourhood of 
the isolated singular point z^, may be represented by the Laurent series 

(p* = '£ («„ + {z — ZgY. 4,* =T (a; + {z-ZgY. (57:7) 


Simple reasoning, based on (33.3), shows that the resultant moment 
about the origin of the forces, applied to Lg from the inside, is given 

by 


ST O ft' I o ft' 

Mg , -\ == 2xp_, 

1 -j- X 






1 -j- X 


+ (57.8) 


(provided the contour is infinitely small). Taking into consideration 
that the resultant vector of these forces is (X, Y), one obtains for the 
resultant moment M about the point Zg 

M = Mo ~ {XgY - ygX) (57.9) 

1 + X 


Thus, Zg is the point of application of the concentrated force (X, Y) and 
of the concentrated couple with moment M. 

However, it is seen, that the knowledge of X, Y and M does not 
yet determine the singularities of 9 and i}'- In fact, the coefficients of 
the negative powers of (2 — Zg) in (57.7), which characterize the singu- 
larities of 9 and 4', are arbitrary (within the limits of convergence), with 
the exception of the imaginary part of the coefficient -f- which 
is determined by (57.9). Thus, the nature of the singularities, caused 
by concentrated forces and couples, remains to a large measure un- 
decided, unless additional conditions are introduced. It was only possible 
to obtain completely defined expressions for these singularities [cf. 
(57.2) — (57.5)], because the concentrated forces aind couple were intro- 
duced by means of a definite limiting process. 

Theory of Elasticity 


14 
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Exactly the same expuessions would have been found by a number of 
other limiting processes. One of the simplest examples, which more or 
less accurately reproduces the special conditions of the application of 
“concentrated” forces and couples, will now be stated. Imagine that 
a rigid disc be introduced into a circular hole in an infinite plate, 
and let this disc, which has the same radius as the hole, be joined to the 
plate along its circumference. ^Further, let some force and couple (in the 
plane of the plate) act on this disc. The solution of the problem of elastic 
equilibrium of plates under these conditions will be given below (cf. § 83ai 
examples 3°. and 4°., where the solution of the more general case of an\ 
elliptic disc is given). If one now allows the radius of the disc to tend to\ 
zero, leaving the force and couple unchanged, the above-mentioned \ 
solution gives in the limit a result which agrees exactly with those ' 
obtained above. 

In the sequel, when speaking of concentrated forces and couples 
applied to internal points of bodies, it will be assumed that the cor- 
responding singularities are given by the formulae (57.2) — (57.5). 

§ 58. Some cases of equilibrium of infinite plates containing 
circular discs of different material. By means of a simple modification 
of the formulae of § 56a, a number of problems are easily solved which 
are important from the point of view of application. These problems 
refer to the equilibrium of infinite plates with circular holes into which 
discs of the same or other (likewise Isotropic and homogeneous) material 
have been inserted. 

For the solution of some of these problems use will be made of the 
solution of the problem of equilibrium of elastic circular (continuous) 
discs under the influence of uniform normal pressure, applied to their 
edges. This solution was already stated in § 41 for discs of arbitrary 
shape; in the present case it may, of course, be obtained directly from 
the formulae of § 54, but it is simplest to utilize the fact that the con- 
ditions of the problem will obviously be fulfilled by putting 

= — P, y, = — P. X, = 0 (58.1) 

in the entire disc, where P denotes the magnitude of the constant 
pressure, applied to the edge. 

In fact, for such a stress distribution, the stress on an arbitrarily oriented 
element reduces to the normal pressure P; this follows immediately from (8.8). 
Thus, in particular, the edge will be subject to the normal pressure P. This will 
likewise remain true in the cjise of discs of arbitrary shape. 
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It is easily verified that the functions T( 2 ), <f{z), corre- 
sponding to the state of stress (58.1), have the form 

P Pz 

= — 2 ’ ^ ^ 2 "’ ° 

(omitting unessential arbitrary terms which only effect the rigid body 
displacements). The polar components of stress and displacement follow 
then from (39.4) and (39.3): 

rr = 9-^ = — P, r9 = 0, (58.3) 

P(x — l)r 

^^ = 0. (58.3') 

4(a 

Next, a number of selected problems will be solved. 

1°. Infinite plate with a circular hole into which 
an elastic circular disc with an originally larger 
radius has been inserted. 

It will be assumed that there is no friction between the disc and the 
plate, so that the interaction of these bodies reduces to normal pressure 
on the edges of the disc and the plate. In view of the complete symmetry, 
this pressure will be constant along the boundaries. Therefore it is 
obvious that the solution of this problem may be constructed from the 
solution of problem 3° of § 56a — for a plate with a hole — and from 
(58.3) and (58.3') — for the disc — , if one wants to calculate the magnitude 
of the pressure P acting between the plate and the di.sc. 

Let the radius of the undeformed disc he R + z, where R is the radius 
of the hole in the plate before deformation (and e is, of course, assumed 
to be small, i.e., of the same order as the admissible displacements). 
All terms (elastic constants, components of stress etc.) referring to the 
disc will be marked with an index 0. For example, w” will denote the radial 
displacements of points of the disc, while i;, will refer to those of points 
of the surrounding plate. 

It follows from the conditions of the problem that, after insertion of 
the disc into the hole in the plate, one must have along the common 
boundary of the disc and plate 

Vr — = e. (58.4) 

The radial displacement vJJ of a point of the rim of the disc may be considered 
to consist of the radial displacement ( — e), necessary to reduce the radius of the 
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disc to R, and of the displacement which it undergoes together with the point of 
the edge of the hole with which it is in contact. Thus = — e v^., whence 
follows (58.4). 


But by (56.7'a) and (58.3') 
PR^ 


2[ir 


mO — 


P(xo — l)r 


4|J.o 


Putting in these expressions r — R and substituting them in (58.4), 
one finds 

2|i. 4{io 


whence 


+ tl(Xo— i)] ’ 


(58.5) 


and the problem is solved. (Note that in actual fact one .should have 
put r = i? + e for the points of the disc, but in view of the magnitude 
of s this is of no importance). 

In the case of an absolutely rigid disc one will have, instead of (58.4), 


Vr = e, 

and hence, proceeding as before, 

P = 


(58.4') 

(58.5') 


The same value of P would have been obtained by putting in (58.5) 
1 x 0 = 00 and assuming Xq to be finite. 

In this case (56.7'fl) gives for the plate 


rr ■■ 


2[jlPs 




2[i.Ps 


= 0 , 


Vr = 




(58.6) 


2°. Stretching of plates with inserted or at- 
tached rigid discs. 

In §56a (example 1°), the solution was obtained of the problem of a 
plate with a circular hole of radius R under uni-directional tension. The 
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functions (f{z), giving the solution of this problem, may be rewritten 


9 ( 2 :) = 




where 


P = 2, Y = 1, 


p ( \ 

S = — 1. (58.8) 


The stresses and displacements, corresponding to these functions 9 ( 2 ) 
and (^( 2 ), whatever may be the real constants p, y, S, are easily calculated 
on the basis of (39.4) and (39.3) which give (cf. § 56a) 



— p f 3SJ?« \ . 

2 (1 r2 + ■ y4“) 

and 

{(K-l)r2+2Yfe’'+ [p(x+ l)i?H2r2+ ^f-]cos 2^}, 

p i 28R * 1 

^ ~ 8^r ] 


If the constants p, y. S have the values (58.8), one obtains the earlier 
solutions of the problem of tension of a plate with a circular hole. By 
allotting these constants other (real) values, one may solve some problems 
which are of equal interest. Thus, for example, it is easy to deduce the 
solution of the problem of the stretching of a plate with a circular opening, 
cut before deformation and filled with a perfectly rigid disc of the same 
radius R. 

First, suppose that the rigid disc is joined to the surrounding 
plate along its edge. It may be assumed that the rigid disc is not dis- 
placed during the stretching of the plate ; otherwise it would be sufficient to 
subject the entire system to at rigid displacement, in order to return the 
disc to its original position. Hence the conditions of the problem are 

v» = 0 for r = R. (58.1 1) 

The problem will be solved, if one succeeds in choosing the constants 
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p, Y. figuring in (58.9) and (58.10), so that (58.1 1) is satisfied. By (58.10), 
the conditions (58.11) give 

X— 1+2y = 0. (x+ 1)P + 2 + 28 = 0, (x — l)p + 2 — 28 = 0, 

whence one finds 


P = - 


2 

> 

X 




(58.12) 


or, remembering that x = (X + 3(i)/(X + [x), 

3 = _ .^±- lil Y = 8 = ^ + . 

X + 3fx. X + (X ^ + 3(x 


(58.12') 


(This problem can also be solved for the case when, in addition, ar- 
bitrarily given forces and couples act on the rigid disc; cf. § 83a). 

Next consider the problem when the disc is not joined to the plate, 
but only inserted into the opening, under the assumption that there 
is no friction between the disc and the surrounding plate. Instead of 
(58.1 1), one has now the conditions 


j;, = 0, rH = 0 for r — R, 


(58.13) 


since it may no longer be postulated that = 0 at the edge of the plate, 
because points of the plate there are free to slide on the rim of the disc. 
As in the last example, it is easily verified that (58. 13) will be satisfied, if 
one puts in (58.9) and (58.10) 


or 


2(X + |x) 
2X + 5(x 


T = 


Y = 


2 ’ ' 3x' +'1 ’ 

.. 

X + [X 2X + 5[x 


(58.14) 

(58.14') 


However, it must be noted that the first of the conditions (58.13) 
assumes that the material of the plate is in close contact with the disc 
all along the common boundary; if this assumption is modified, the 
problem becomes considerably more difficult. It is easily verified that for 
the values of p, y, 8, given by (58.14) and determined under the above 

assumption, the normal stress rr becomes‘positive over certain parts of 
the common boundary, i.e., the disc does not press on the surrounding 
material, but pulls it away. However, this is physically impossible, 
because the disc and the plate are not joined to each other. In order to 
make the problem physically possible, it is sufficient, for example, to 
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suppose that the radius of the rigid disc is somewhat larger than was the 
radius of the opening before the stretching of the plate and before the 
disc was inserted. The solution, corresponding to this supposition, is 
obtained by superimposing the preceding solution on that given by 
(58.6). One has, of course, to take e so large that the composite solution has 

rr < 0 along the common boundary. 

3°. Stretching of plates with inserted or at- 
tached elastic discs. The preceding results will now be gen- 
eralized to the case when the disc, inserted into the opening of the 
plate, is also elastic, but not of the same material as the plate. 

An attempt will be made to satisfy the conditions of the problem, as- 
suming that in the region occupied by the plate (i.e., for r>R) the 
elastic equilibrium is determined as before by the formulae (58.7), viz., 



and that the equilibrium in the region, occupied by the disc (i.e., for r<R) 
is governed by 

<Po(^) = -4-(Po2 + ^-). <J-o(2) = -4v. (58.15) 

where p, y, S, p^, Yq, Sq are real constants, subject to definition. 

This method of solution of the problem displays (outwardly) an artificial character, 
since the form of the solutions has been partially guessed beforehand. One could, 
of course, have eliminated any artificiality by using infinite series instead of 
(58.7) and (58. 15). In that case one would have found for the solution of the problem 
that all coefficients of the series, with the exception of those retained above, must 
vanish. This observation also applies to the other problems treated in this section. 

The stresses and displacements, corresponding to the functions (p(z) 
and ^Kz), are given by (58.9) and (58.10). Those corresp)onding to 9 ,( 2 ) 
and vi^o(z) must be calculated from the formulae of § 39 which give 

= I [Po + cos 2 ^] . 


(58.16) 
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8(i„ r"' “ ' 

P f To(’to + 3 ) 

bzx ■ 


.^-U2 + 2S, 


oj cos 2i*>|. 


(58.17) 


r^ — 2K} sin 2^. 


Let it first be assumed that the disc has been welded into the hole and 
that the radii of the di.sc and the hole were equal before deformation.j 
Then the following boundary conditions must be satisfied; 

n° = 7r, = v^ = v^, 4 = 1)9 forr = i?. (58.18) 

Substituting in (58.18) the expressions (58.9), (58.10), (58.16) and (58.17), \ 
one finds the following equations for the determination of fJ, y, 8, po, yq, 
S„: 

Po=l— Y. 8o=l-2p — 38, 3y„-So = -l-p-3S, 

Po(^o — 0 ^ — 1 + 2y Yo(5‘o — 5) + 28o (x + 1)P + 2 + 28 


yo(xo + 3)-28o (x-l)p + 2-28 


Solving this system of equations, one obtains 

Q = - ^ fK— 0 — 0 g ^ 

li + !io>'’ 2(Xo + lx(xo— 1) ' (i' + lAo>‘’ 


(58.19) 


a _ t^o(^ +1) _ n 

“ 2,.:. + |IK- 1) ' + 

Consider now the circumstance that, because of the relation y^ = 0, 
the functions 99(2) and characterizing the elastic equilibrium of 
the disc are linear: 


*Po('^) — '[’oW 


(58.15') 


this means that the disc undergoes homogeneous deformation. In rectan- 
gular coordinates the stress components will be constant; in fact, it 
is easily verified that 

= = (58.20) 
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In the direction of the Ox axis the disc is subject to tension, while in the y 
direction it suffers tension or compression, depending on the sign of — Sq. 

In the limiting case [Xq = cxd (perfectly rigid disc), one obtains for 
P, Y/ S the values (58. 12) ; in the limiting case Po = ^ (no disc), one obtains 
for these constants the values (58.8). Finally, if (x = {Xq, x = x^, one is 
dealing with a continuous homogeneous plate. In this case (58.19) 
shows that p = y = S = yo = 0, p„ == = 1 and that the functions 

<p(z), (}'(2), characterizing the equilibrium of the plate as well as of the 
disc, are given by 

q>(z)=.-^-r, 4;(^)=:_|.z, (58.15") 


as had, of course, to be expected. 

Next consider the case when the disc has been inserted into 
the opening in the plate, assuming that the radii of the disc and of the 
hole were the same before deformation and that no friction is present. 
Obviously the boundary conditions have the form 

rr^ rr, = 0, r9' — 0, i)*' = w, for r -- R. (58.21) 

Substituting in (58.21) from (58.16), (58.17), (58.9) and (58.10), one finds 
p„=l_y, 8o=l— 2p — 3S, 3yo — So = 0, 1 + p + 3S = 0, 

Po(>to — 0 _ ^ 7o(’‘o — 3) + 2^ _ P(x + 1 ) + 2 + 28 

Po (A ’ !^o 


Solving these equations, one obtains 


g _ 2 i^(^o + 3) 2tXo ^ 

+ 3) + |i-o(3x + 1) 

S _ + 3) + — j), 

[Ji(xo + 3) + + 0 

2(Xo(x + 1) 

|x(xo + 3) + + 1) 


Y = 




(x(xo— 1) — tXo(x— 1) 


2(Xo + p(xo 1) 

+ 1 ) 

2|Xo + |x(xo — i) ’ 


(58.22) 


6[X o(x 4- 1) 

+ 3) (XoP’t + J) 


As is easily seen, the values of rr® and rr will be po.sitive on parts of 
the common boundary, and this is physically impossible. The problem 
can be made physically possible by superimposing on the present solution 
that of problem 1°. 

By putting in (58.22) (Xo = 0 or p® = oo. one finds for p, y, S the values 
(58.8) or (58.14) respectively. 
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THE CIRCULAR RING 

§ 59. Solution of the first fundamental problem for the circular 
ring. 

A solution, using definite integrals and differing from the one to be deduced here, 
was published by G. V. Kolosov [5]. S. G. Mikhlin [8] (using power series) solved the 
somewhat more general problem where the ring consists of two concentric rings 
with different elastic constants, under the supposition that they are joined along 
the common boundary. In particular, the inner ring may be a continuous disc. 

Consider the case when the region S occupied by the body is a circular 
ring, bounded by two concentric circles and with radii R, and 
(Rj < Rj) and centre at the origin. Let the external stresses acting on 

Li and be given, i.e., the values of rr — ir^ on and as functions 
of the angle S'. Expanding this expression for Lj, as well as for L^, in 
complex Fourier series, one will have 

rr — ir^ = 'LA',. on Ij, 

— oo 

rr — ir^ = L on L^. 

— oo 

The boundary conditions may then be written (cf. § 56) 


*f OO 




for 

r = Rj, 

<l>{z) + 0 ( 2 )— + T( 2 )] 

•4 00 


(59.2) 



for 

r = Rj. 


By (35.2), 

<I>( 2 ) = A log z A- <b*(z), 

where .4 is a real constant and <^*{z) is holomorphic inside the ring, so 
that it may be represented by a Laurent series. The function 'F(z) is 
holomorphic in the considered region (§ 35) and hence may likewise be 
expanded as a Laurent series. 
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Thus, inside S, 

0(2) = A log 2 + ^(2) = (59.3) 

The requirement of single-valuedness of displacements is expressed by 
(35.7) which, since there is only one internal boundary, becomes 

A = 0, xa_i + = 0. (59.4) 

However, this condition will not yet be imposed, since the more general 
solution has many interesting interpretations. 

It will be remembered that the quantities and y^ of § 35 were the 
coefficients of terms of the form (a log s) in the expansions of the functions 

9 ( 2 ) = / 4)(T)<f2 

and 

4 ,( 2 ) - j 'V{z)dz. 

In the present notation these terms are a_i log z and alj log z respectively. 

Instead of (59.4), assume for the time being that A is an arbitrarily 
given real constant. Substituting from (59.3) in (59.2), one finds 

2A log r — A + S (1 — k)atr^e'’"^ + 

- -00 

2 °^;. for r i?i, 

+ a;._2 c’''* = (59.2') 

2 Ale^’^^ for r - R^. 


Comparison of terms independent of gives 

2A log R^ — A + 2a^ — a'_^R-^ = A'^, 
2A log J?2 — -A- 4* 2^0 — a_ 2 R^^ == i40i 


(59.5) 


here the assumption has been made that a^ = ao i.e., that a^ is real, which 
can always be done, since any constant imaginary part of 0(z) has been 
shown not to influence the stress distribution. 

Comparison of terms involving e*** for A = ± 1 , ± 2, . . • gives 


(1 — k)aifi\ + — ^*- 2^1 * — ^k‘ 

(1 — k)ajtRi + **- 2 ^ 2 ”* “ ^k‘ 


(59.6) 
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Eliminating from (59.5), one finds 

^AlR\-A'X A ^(i?2logi?2-7??]ogi?,) 
" 2 ( i ?| — . K ])'"^'‘2 Rl — R \ 

Since is real, it follows that 

^{AlRl-A',R\)^0. 


(59.7) 


(59.8) 


[If flo had not been assumed to be real, one would have had on the left-j 

hand side of (59.7) ---^-—instead of Ug and (59.8) would still have' 

been valid.] A simple calculation shows that (59.8) expresses that the 
resultant moment of the external stresses must be equal to zero. 

Next the remaining coefficients will be determined. Dividing the 
first equation of (59.6) by and the second by 2?^ and subtracting, 
one obtains the first of the following formulae: 

(1 _ ^) (i?2 _ Rl)a, + (7?^^*=^ = B„ 

__ loy.y) 

(i?f + (1 + ^) (Rl - R!)d_, = B_„ 

where 

(59.10) 


the second equation (59.9) is obtained from the first by replacing k 
by — k and by going to the conjugate complex expression. (It will now 
be sufficient to consider (59.9) only for ^ = 1 , 2, 3, . . . , since ior k = — 1 , 
— 2, — 3 one obtains a system of equations which is conjugate to the 
former). 

For any given value of k, the system of two equations (59.9) will de- 
termine a* and d_^, provided the determinant 

(1 — k) (Rl — Rl) i?^2fc+2 _ f^-U+2 I 

“ ^k){Rl — Rl) I 

= (1 —A*) (i?| — /?f)2— (7ef+2 — 2?f+2) (7?-2fr+2_7?j2;M2) (59 ,1) 

does not vanish. 

The determinant D vanishes for ^ = 0, ± 1 , and it is easily verified 
that for all other values of A it is different from zero. The vadue k — 0 
is of no interest. For A = -|- 1, (59.9) gives 

0 = Bi, (ie^ - B|)«1 -h 2{Rl - Rl)d_j, = J_1. 


(59.12) 
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For k = — 1, one finds two equations, obtained from (59.12) by 
transition to the conjugate complex values. Thus, for the problem to 
be possible, one must have, in addition to (59.8), 

— A[R^ = 0 . ( 59 . 13 ) 

A simple calculation shows that this condition gives no new information, 
since it states that the resultant vector of all external forces must 
vanish. 

To verify the earlier statement regarding the values of the determinant (59.11), 
consider 

^ = R\m). 

where 



and 

/(') - (1 — r-) a — 1)^ + — 5^+1. 

It i.s easily verified that 

/(I) =- /'(I) = ni) - /"'(i) = 0, 

. - {k -] l)k{k — l)[(k — 2)5*--» + (ft + 2)M]. 

If I A I > 2, the last expression is positive for ^ > 0. Thus, for ^ > 1, one will have 

r(l) > 0, /"(?) > 0, /'(« > 0, m) > 0. q.e.d. 

To show that (59.13) is the condition that the resultant vector of the external 
forces must vanish, consider first points of the outer circle. It is easily verified that 

h 'i' ^ ^ ^ OR Lg. 

Denoting by (X", Y") the resultant vector of the external forces, applied to L 2 » 
one has 

2 t : 2Tr 

X" — iV" =- I (A'„ — / (n — i = 2nR^i. 

0 0 

by definition of j. Similarly, one has for the inner circle 
X' — iY' = —2T:RlA[. q.e.d. 

When (59.13) is satisfied, the system of equations (59.12) becomes 
possible, although it does not permit calculation of both the coefficients 
and a_i; thus one of them may be chosen arbitrarily, neglecting for 
the time being the condition of single-valuedness of displacements. 



222 


III. SOLUTION BY SERIES 


§59a 


All the other coefficients (A = ± 2, ±3, .. .) are found by solving 
(59.9). For any given k, one determines simultaneously and d_,(. In 
fact, (59.9) gives 

(1 + A) {Rl - Rl) B, - 

0—^2) {Rl — R'iY^ — (Rf ^- 1 2 — R'f ^ 2) Ji-2lc t 2) 

{k=±2. ±3, ...), (59.14) 

and d_jc is obtained from this formula by replacing k by — k and by 
transition to the conjugate complex value. Thus all coefficients a*, havfe 
been determined for ^ 0, ± 1 . \ 

Finally, the coefficients a'j. may be found from one of the two formulae\ 
(59.6), with the exception of which can be calculated from one of \ 
theequations (59.5). Since all with the exception of have already 

been determined, all except for and a\^, can be calculated in this 
way. 

Now the condition of single-valuedness of displacements will be in- 
troduced, i.e., condition (59.4). One then finds, by (59.7), 


Uq — 


r^l-A',R\ 
2(/?l-/?2j ■ 


(59.7') 


The coefficients a_^, alj are determined by the second equation of (59.4) 
and, for example, by the first equation (59.6) for ^ + 1 , which gives 



= A[Ry 

(59.15) 

Solving (59.4) and (59.15) for a_^ 

and alj, one obtains 


1 -f X ’ 

, Xy4j/?j 

a., = 

(59.16) 

finally, one finds from (59.12) 




2A[Ri 

(59.16') 

^ Ri-R\ 

~(i -f X) (^? + i?:j)' 


The formulae (59.16) could have been written down immediately, using 
(35.9). Thus all coefficients in the expansions for T and »1) have been 
found; in particular, a'g can now be calculated from (59.6), because 
a, and are known. 

Note with regard to the convergence of the above series that the 
series for 0 ( 2 ), 0 '( 2 ) and '¥{z) will obviously be alsolutely and uni- 
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formly convergent in the ring (including the boundaries), if the following 
series converge: 



^ ^ 1 

1 R't^ 

s 1 1 

Rt 


A-- 1 


/r-l 

l-Kl" 

i: A' 


2 1 a^^. 

Ri‘ 


k 1 


k- I 


(59.17) 


Convergence of the latter series will be ensured, if it is assumed that 


the quantities rr and rll, given on and L^, have second order derivatives 
with respect to 9-, which satisfy the Dirichlet condition. In fact, the co- 
efficients A '^. and oi the series (59.1) will then satisfy inequalities of 
the form (§ 53) 


A',\< 


C 



(/e = 1, ± 2, . . .). 


Hence it is easily concluded on the basis of (59.10), (59.14) and (59.6) 
that the following inequalities will hold true for A; = 1 , 2, 3 : 




C 


R^< 


C 


R\' ^ ^ ^ ^ 


c 


whence it follows immediately that the scries (59.17) converge. 

The second fundamental problem can be solved in a similar manner. 

If one compares the solution deduced here with that obtained by 
application of Airy’s function, the advantage of the introduction of 
functions of a complex variable becomes obvious. 

With regard to the above considerations of convergence of the series, it may 
be shown, as in § 56, that, if one uses the boundary conditions in the form (41.5), 
it has to be assumed that and y„ have on and first order derivatives, 
satisfying the Dirichlet condition. 

The Airy function is used in A. Almansi [2], J, H. Michell [1] and A. Timpe [1] 
for the solution, among others, of the first fundamental problem. Timpe has the 
same expression for the boundary conditions which is represented by (59.2') 
above, and he deals with it at great length. The coefficients are determined, eight 
at a time, from systems of eight linear equations with eight unknowns. 


§ 59a. Examples. 

1°. Tube, subject to uniform external and 
internal pressures. 

Let the internal and external circles be subjected to uniformly dis- 
tributed normal pressures pi and so that rr — — Pi on Li, rr = — 
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on L^, fS' — 0 on L^, L^. In this case 

•^0 ~ Pi> -^0 ~ Pz- 

All other coefficients A^, vanish. The condition for the existence of 
a solution is obviously satisfied. Formulae (59.7') and (59.5) give 


P,Rl-PxR\ ' {Px-Pz)R\Rl 


® 2{KI — r:\) ’ R^i~R\ ' 

All the other coefficients a,., a], are zero. Thus 

~2(R%-RX,‘ Kr 

The polar components of stress are 

p.^,-hR\ , {Pz-P^)R\Rl 1 

kl — R'i Rl — kf r2 ’ 

p,Rl ~p,R‘i _ ip, -n)R\R\ 1 

k^—k\ R\ — R{ 

^ = 0 . 


rr — 


S'?! 


(59. la) 


\ 

(59.2a) 1 


(59.3a) 


This problem was also solved by G. Lame. 


2°. Stress distribution in a ring, rotating about 
its centre. 

Let the ring rotate in its plane about 0 with a constant angular velocity 
to and let no other external forces act on it. Let the system of axes Oxy 
rotate together with the body and hence be fixed relative to it. Then the 
problem reduces to a static one, the applied forces being centrifugal in 
origin. 

One of the particular solutions of the equations of equilibrium is given 
by the formulae of § 28. The stresses, given by (28.6), are easily found to 
have the following polar components; 


rr = 


2X "F 3(x 
4(X + 2(1.) 






2X “h (L „ 


4(X + 2|x) 


= 0. 


(59.4a) 


If one wants to apply this solution to thin plates (§ 26), one has to replace 
X by X*, so that 

2X* 3(i 3 -(■ <T 2X'*' ~f" 1 ”1“ 3(1 

+”2(1) ~ 8 ’ 4(X* + 2(l) “ 8 


(59.5«) 
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The stresses (59.4«) do not satisfy the boundary conditions on the 

edges of the plate. In fact, one has there = 0, but rr takes constant 
values which will be denoted by and p^. 

The solution of the present problem is obtained by superposition of 
the stresses (59.4a) and (59.3a) for 


Pi = 


2X + 3(jl 
4(X + 2(i) 




2X -(“ 3[jl 
4(X + 2|a) 


po^^Rl 


(59.6) 


The problem is thus solved. In the case of a thin plate, X* replaces X. 
The solution, obtained in that manner, gives only mean values of the 
stresses. For not very thin plates this will not be sufficient. (For more 
complete solutions, cf. A. E. H. Love [1] § 102). When R 2 — 0, one 
finds the solution for the case of a solid rotating disc. 


§ 60. Multi-valued displacements in the case of a circular ring. 

Consider now the general case and study the results, given by the 
formulae of § 59 when one omits the conditions of single-valuedness 
of displacements which are expressed by (59.4), viz., 

.4=0, 4- = 0 (60.1) 

If these conditions no longer hold, the boundary conditions (59.2) 
are not sufficient for the complete determination of 0(z) and T(2); 
some of the coefficients in the expansions for these functions remain 
indeterminate and a known number of arbitrary constants is retained 
about which more will be said below. By fixing the.se constants in an 
arbitrary manner, one obtains definite expressions for O and T which 
satisfy all the conditions of the problem, except the condition of single- 
valuedness of displacements. In fact, if one describes a closed path L', 
starting from some point z, passing around the inner circle in an anti- 
clockwise direction and reaching again z, one finds that the increase in 
M + iv for one circuit of this path is given by 

[m -J- iv\i; — - — {(j^ 4" l)-4^ + xa_i 4- «_i}; (60.2) 

this follows from (35.6), using the notation of § 59. 

It has been seen in § 45 that, in spite of the multi-valuedness of 
the displacements, 'such a solution may be given a definite and very 
simple physical interpretation. 

Firstly, this solution makes sense in the ordinary way, if one does 

Theory of Elasticity 
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not apply it to the complete ring, but to a part of it obtained by re- 
moving from the ring a strip, bounded by two lines a'b' and a''b'' con- 
necting the inner and outer circles (in Fig. 29 the removed part has been 
shaded). One then has a simply connected body, i.e., a “curved beam”, 
bounded by two circular arcs and the lines a'b' and a"b". In this simply 
connected part the functions u, v are .single-valued. The functions O and 
T correspond to some definite state of elastic equilibrium of the beam 
for which the external stresses, applied to the circular boundary, have 
known values, i.e., those which appear in the boundary conditions oi 

§ 59 for the solution of the problen^ 
of the continuous ring. As regards^ 
the external stresses, applied to\ 
the ends a'b' and a"b", they may 
be calculated from the functions 
<I) and T by the help of the previ- 
ously deduced formulae. The pro- 
blem of equilibrium of a curved 
beam will be considered in §61. 

Turn now to the case of the 
continuous ring. It has been seen 
in § 45 that the solution considered 
here, admitting multi-valued di.s- 
placements, corresponds to a par- 
Fig- 29 ticular mode of deformation, which 

is called dislocation. This type of 
deformation will now be described in as far as it applies to the present 
problem, and, in parts, this will involve repetition of what has been said 
in §45. 

Produce a cut ab, joining the inner and the outer circle, and denote 
the sides of this cut by (-f-) and ( — ), as indicated in Fig. 29. Then, for 
a circuit along a closed contour L' starting from .some point {x, y), con- 
sidered to lie on the side ( — ), and ending at the same point, but now 
conceived to lie on the side (-+-), the components of displacement undergo, 
by (60.2), the increases 

«- = — ey a, — v~ = sx + (60.3) 



where 


7tA( 1 x) 


ni 

« + == — 


(x«_i -f alj) ; 


(60.4) 
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(m+, v+) and (m~, v-) denote the displacements of the point {x, y), con- 
sidered to lie on the sides (+) and ( — ) respectively. 

In accord with the statements of § 45, the multi-valuedness of the 
displacements in the present solution may be interpreted by means of 
the hypothesis that before deformation a (small) transverse strip with 
sides a'b', a''b'' (see Fig. 29) had been removed from the ring and that 
the free edges had been joined. For this purpose it was assumed that 
before deformation the ends a'b' and a"h" were congruent and disposed 
in such a way that a"b" is obtained from a'b' by a rigid displacement, 
consisting of a rotation e about the origin and a translation (a, P). When 
joining the free edges together, those points which would correspond to 
each other, but for the above-mentioned rigid displacement, must be 
combined. 

Note that, as indicated in § 45, the quantities e, a, ^ do not depend 
on the shape of the cut ab nor on its location in the ring ; in the present 
case this follows immediately from (60.4). Thus, the transverse strip 
which must be cut from the ring before deformation may be taken from 
any part of it ; one of its sides, for example a'b', may be given any shape 
and location, and the position of the other side will be determined by the 
quantities e, a, (3. 

It should be remembered here that it is only for the sake of convenience 
that reference has been made to “removal” of strips, since in practice, 
one has often to “add” material in one part and remove it in another. 

The quantities e, a, p represent, in the terminology of §45, the charac- 
teristics of the dislocation. According to § 45, knowledge of the.se quantities 
and of the external stresses, applied to Lj and L^, will completely de- 
termine the deformation of the body under consideration. In the present 
case this fact is verified directly, because it is easily seen that, if those 
quantities are known, all coefficients in the expansions for 0(z) and 
'F(;!) are determined (except for the imaginary part of «o which is un- 
important) ; in fact, these coefficients may be calculated as in § 59, the 
only difference being that (59.4) is to be replaced by the more general 
condition (60.4) for given values of e, a, p. 

The coefficients in the expansions of the functions 0(z) and ^(z) 
win now be determined for the particular case, when no external forces 
are present (i.e., 1^—T = 0 on Li and Lg). Then all and A^, vanish 
and (60.4) gives 

A == ^ — , xa_i -f all = (« + (60.4') 

1t(l -f X) 7W 



228 


in. SOLUTION BY SERIES 


§60 


Together with the equation — a'j = 0, obtained from (59.15), the 
second equation of (60.4') leads to 


\i{a + ib)i 
7r(l + xj ’ 


(i(a — i<^)i 

7r(l + >t) 


Further, (59.7) gives 

(le (Ae(^2 ^2 — -^1 ^i) 

"" 2^ T'x) n(r+^^i^~Ri) ’ 


(60.5) 


(60.6) 


and, finally, by the second equation of (59.12), by (59.5) and (59.6) 
(for k — ]), one obtains 


2(i(a — i^)i 2[izR‘lRl R^ 

‘*’^~^(r+x)~(i?T +■/?!)’ ■u(i‘+T)(^|-i?lj 

_ 2(x(a + i^)t R\R\ 

u(l +x) R\ + Rl' 

All remaining coefficients are zero, and hence 

/ / / 

<]>(z) = ^ log z + «0 + «i2 + ■ . T’(z) = (60.8) 


where the coefficients have the values stated above. 

In the particular case, when e == a = p — 0 (i.e., when the displace- 
ments are single- valued), one has <t>(z) = T( 2 ) = 0, as was to be ex- 
pected, because it is known (§ 40) that, if the displacements are single- 
valued, no stre.sses occur in the absence of external forces. 

If external forces are present, the corresponding solution may be 
obtained by superimposing the solution just found on that of § 59 which 
was deduced under the hypothesis of single-valuedness of displacements. 

As has been stated in § 45, the interpretation of multi-valued dis- 
placements in the case of the circular ring was first given by A. Timpe [1], 
who also found formulae equivalent to those deduced here. 

Turning now to the dislocations, corresponding to (60.8), it is noted 
that one may distinguish between the following three simple cases: 

1°. e # 0, a = p = 0. This dislocation is obtained, for example, 
by cutting from the ring a radial sector with straight edges, forming 
the angle e, and by joining the ends. 

2°. e = 0, a 7 ^ 0, p = 0. This dislocation is obtained, for example, 
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if one cuts the ring along the positive Ox axis, slides the lower against 
the upper edge by a distance a and again joins the contacting parts. 
The same dislocation is obtained, if one removes along the positive 
Oy axis a strip of thickness a and rejoins the ring by displacing the 
free edges parallel to the Ox axis. In the latter case, when a > 0, a strip 
must be added. 

3°. e = 0, a — 0, p 0. This case follows from the preceding one 
by interchanging the parts played by the axes Ox and Oy. 

Thus, it will be sufficient to state the formulae referring, for example, 
to the cases 1° and 3°. The expressions for the functions O and Y and 
for the polar components of stress will be stated here. They agree with 
those, obtained in a different manner by A. Timpe [1] ; the method used 
here was taken from the Author’s paper [1]. Note, however, that in the 

X + 3ii 

following formulae x has been replaced by — . 

X + I*- 


(e 9^ 0, a - p - 0); 

c(x(X + [x) / 1 R'i log — Rf log R^ 
■ "2tc(X + 2[I) 12 RI—RY~ 


27t(X -(* 2(ji) 


e(i.(X +jO/<I-K2_ R^ 
MX + 2(X) ~R(j R, 


(60.9) 


— _ stx( X-ft^) 

7:(X + 2(ij 

— E n(X + ti ) 

7t(X + 2(1) 


r» = 0. 


ieilogi?,-2??logI?il 

' — .Rf J 


/ 1 RfR.f R, 


R.flogR2-RflogRi 
Rf — Rf 


(60.10) 


3°. (s = o. a = 0, p 9^0): 

<D(e) = 

' ^ 2tc(X 4- 2(i) 


_ J' 

2MX 4- 2(i)' U Rf + Rf 


(60.11) 
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7t(X + 2(i) 

+ n ) 
7c(X + 2(i) 

7c(X + 2|ji) 



r 1 _ R\Rl 1 1 

rI -TrI ■ ^ 1 

^ 1 1 1 

ie'f + -K:j r Rl+ Rfr^i 

r 1 RjRl 1 1 

:^4- i?I r ~ /?[■+ i?T ■ r*] 


cosl>, 


cos-a-, (60.12) 


sin %■. 


In the case of a thin plate (§ 26) X must be replaced by X*. 

Hitherto it has been assumed that no external loading is pre.sent. 
If arbitrary external stresses occur, these solutions have to be combined 
with those of § 59 for single-valued displacements. 


§ 61. Supplement. Bending of a curved beam by 
forces, applied to the ends, for arbitrary dis- 
tribution of external stresses on the curved 
boundaries. 

Let it be assumed that one is dealing with a part of a ring, bounded by 
two radii. First, let the curved boundaries be free from external loading. 
The solutions, obtained in § 60, satisfy, of course, all equilibrium conditions 
and give zero external stresses on the circular boundaries. The dis- 
placements will be single-valued in the region considered here. However, 
the stresses, applied to the straight edges (ends) of the beam, will be dif- 
ferent from zero and will depend on the three constants a, p, e. Generally 
speaking, it is impossible to choose these constants, so that one obtains 
at the ends a given external stress distribution. But, as will now be 
shown , one may always arrange that the stresses, applied to one of the ends, 
will be statically equivalent to a given force and couple, i.e., that they 
have a known resultant vector and moment. The forces, applied to the 
other end, will then be statically equivalent to a force and couple, op- 
posite to the former. 

If the length of the beam is large compared with its width, the given 
resultant vector and moment of the forces, applied to an end, may be 
replaced by a fictitious distribution of forces, using Saint-Venant’s Princi- 
ple (§ 23). In the sequel, when speaking of the force and couple applied 
to an end of the beam, this will refer to application of external forces 
which are statically equivalent to those given in the problem. For 
example, it may be assumed that one of the ends is clamped; then, due 
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to the clamping, reactions will occur which statically balance the force 
and couple applied to the other end. 

Let the part of the ring, to be considered here, correspond to values 
of 9- in the interval < 9^ < Consider first the solution 1 ° of § 60. 
The resultant vector of the forces applied to either of the ends will be 

zero. In fact, it is easily seen that, if 9^9^ is determined from (60.10), 

R2 

^-9- dr = 0. 




The resultant moment of the forces, acting on the end ^ given by 

2{R‘i-R‘i) 


M 


2h J 99 rdr 


R, 


e(i.(X + [i) 
7t(X + 2[x) 


(61.1) 


where 2h is the thickness of the beam in the direction perpendicular to 
the Oxy plane. 

The solution of the problem of flexure of a curved circular beam by 
couples, applied to its ends, is thus obtained by substituting in the 
formulae (60.10) 


e[A(>^ + Ja) } 
tc(X + 2(ij it 


_ 2M{Rl — R\) 

iRl-Ri)^~4RlRl (log^?)' 


(61.2) 


It is easily seen that the denominator on the right-hand side of (61.2) is always 
positive; in fact, let 

{Rl - Jiff - 4Iip4 (log = R\f{x). 

where 

^ >1. /W = \)'^ ~ x(\o^ x)'K 

But 

/(l) =/'(!) =/"(!) =/"'(!) =0, 

and 


r{x) 


21og;r 


Hence. > 0 for ;r > 1, whence follows that /"(.*■) > 0, f'ix) > 0, f{x) > 0 

for ;tr > 1, q.e.d. 
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Next consider the solution 3° of § 60 and assume that the direction 
of the coordinate axis is such that — Tzj2. On the end ^ o”® has 

M = 0, as is shown by (60.12). Thus the resultant vector of the external 
forces, applied to this end, passes through 0, is parallel to the axis Oy 
and its magnitude (i.e., its projection on the Oy axis) is 


Rt 

' = 2k jr^ dr = 
Ri 


2h 


(/?? + i?|)log|?-2??, + i?? 


R‘i + Rl 


Pti(x 4- [x) 

’ 7r(X 4- 2u) ‘ 


(61.3) I 


Hence one can solve the problem of bending of a beam by a transverse 
force, applied to the end ‘S- = hy substituting in (60.12) 


Mx + tx)_ 1 P(i?‘f + i?|) 

7r(X + 2(X) 2h ^^2 ^ 2 ) log I* _ ^2 ^ ^2 


(61.4) 


It is easily verified that the denominator on the right-hand side of (61.4) 
is always positive [cf. remarks following (61.2)]. 

The problem for the case of forces normal to the end of the beam 
may be solved in the same manner. The solution can either be found 
directly, as in the preceding case, or by adapting this solution. In fact, 
consider the part of the ring included between the radii — 0 and ^ = Tr/2. 
The preceding solution gives on the end 9^ = tzI2 a .system of forces, 
statically equivalent to a single force, parallel to Oy and passing through 0. 
Consequently, the forces applied to the section = 0 will be equal 
in magnitude and opposite in direction to that force, i.e., they will be 
equal to a force, normal to the straight end ^ — 0; the line of action of 
this force passes through 0. By adding a suitable couple (using the so- 
lution already found for flexure by a couple), one can always obtain 
a force the line of action of which passes through an arbitrary point. 


The preceding solutions of the problem of bending of curved beams by forces 
and couples applied to the ends (and likewi.se for other types of loading) were 
found by Kh. Golovin [1] ; Golovin's paper remained unknown outside Russia and 
his solutions were rediscovered independently by several other authors. 


Thus the complete solution has been found for the case when the 
curved sides of the beam are free from external stresses. Now suppose 
that these sides are likewise loaded in an arbitrary manner. The so- 
lution may then the obtained by the following method. 
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Imagine that the beam be extended into a complete ring and impose 
arbitrary loads on the curved boundaries of the added part, in such a 
way, however, that these loads, together with those given for the curved 
sides of the original beam, are statically equivalent to zero; then solve 
the problem for the complete ring by the method of § 59. 

Such a solution will satisfy on that part of the ring, which corresponds to 
the original beam, the known conditions on the curved boundaries. 
There only remains to select the solutions of the present section in such 
a way that one obtains, by their superposition, at the straight ends 
forces which give the known forces and couples (where, of course, the 
latter must be such that they statically balance the forces given on 
the curved boundaries). 

Note that by varying the loads on the curved boundaries of the com- 
plementary part of the ring, different solutions may be obtained. This 
does not contradict the uniqueness theorem, because only the resultant 
vector and moment, and not the stress distribution at the straight ends 
have been taken into consideration. All the different solutions, mentioned 
above, will correspond to different distributions of the external stresses 
at the ends (which, however, give the same resultant vectors and mo- 
ments). All these solutions, by Saint-Venant’s Principle, will differ little 
from each other in parts of the beam which are not too close to the ends, 
provided the width of the beam is small compared with its length. 

§ 62. Thermal stresses in a hollow circular cylinder. Since the 
problem of dislocations in a circular ring has been solved (§ 60), the 
problem of deformation of a hoUow cylinder, the transverse sections of 
which are circular rings and which is placed in a two-dimensional 
axially symmetrical flow of heat, can likewise be solved on the basis of the 
re.sults of § 46. Consideration will be limited here to one simple application. 

The notation of § 46 will be retained. In the present case the region S 
is bounded by two concentric circles with radii R^, {Ri < R^ and 
the origin as centre. 

Suppose that the hollow cylinder under consideration is heated by 
being placed in a heat flow and that T = for r = Ri and T — 
for r = jRg, where Ti and are constant and r is the distance of a 
point {x, y) from the origin. Then, as is easily verified (cf. Note at end 
of this section), 

T= ^2- ^1 T,\ozR,-T,\ogR, 

log 2?2 — logi?i ^ log7?2 — logi?! 


(62.1) 
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Hence, denoting by F{z) the same quantity as in § 46 and omitting 
the imaginary part of an arbitrary constant, one obtains 

r, — Tj , TAogR, — TAogR, 

To^“- log“ rI ^ ~'log R^ loi R,~~- 

Thus, in the present case, one has by (46.6), omitting again a constant, 

U* + iv* =-- - - ^ log 2 + 

log 2?2 — log 

ri(iog + 1) — r2(iog /?, + !) 

— — , — z, (62.3) 

log /?2 — log Rl 


^ log 2 + 


(62.3) 




and it is seen that, since there is only one internal contour Lj, (cf. § 46) 

T T 

r> 2 1 Q* A /z:a a\ 


(62.4) 


This means that the .solution of the “auxiliary” problem of § 46 is ob- 
tained by substituting in (60.9) and (60.10) [cf. (46.16)] the value 


m Tj — Tj 

X -h (i. ‘log i ?2 — log Rl 


(62.5) 


Since the stresses X^, Y^, Xy in the auxiliary problem are the same 
as in the original one, these stresses are obtained directly from (60.10) by 
substituting for e the above value. In this way a well known formula has 
been obtained (cf. for example A. Fdppl [1]). In order to calculate the 
displacements, one has to find the displacements u' and v' of the auxiliary 
problem. Then u and v will be given by (46.8) and (62.3). 


NOTE. Several additional remarks will now be made with regard 
to the present problem, i.e., to the case when the cross-section is a cir- 
cular ring. 

If the temperature distribution T is not given, but only its values on 
the circles Li and L^, it may be calculated in the following manner. 

The problem of finding T is a particular case of the .so-called first fundamental 
problem of the theory of the logarithmic potential (Dirichlet problem) ; it consists 
of the determination of a function (i.e., T), harmonic in a region, for given values 
on the boundary. It may be shown that this problem has always a unique solution 
(under very general conditions). The general solution of this problem for the case 
when the region is a circular ring is given below. 
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For the determination of F(z) one has 

2T = F(z) + F(z) (62.6) 

and, by (46.12). putting = 0, 

F{z) Alogz+ (62.7) 

where .<4 is a real constant. 

The function F{z) must be determined for the boundary conditions 
F(z) +FlJ)^ 2/,(l>) for r = R,. 

F{z) + F(z) = 2/^(9) for r = 

where f^i^) are the known values of T on and La- Let these 

functions be represented by their complex Fourier series 




where by § 52, since the functions /, 

and /j are real. 

A'k = ^-k> 

a; - A%, 

and, in particular. 


A^^ — Aq, 

a: Ai 


(62.8) 


i.e., and A'l, are real. 

The boundary conditions may now be written 


2 S for r = R^, 

2Alogr + f = j 

1 2 2 Ale*'^^ for r — R^. 

Hence 

2A log Ri + ao + «o = 2A'o. 2A log R.^ + «« + «o = 2^o. (62-9) 

= 2A'„ a.R'^ -f d.,Rt = 2Al {k ¥^0)-. (62.10) 

the equations (62.9) determine A and -f- d^, while each pair of equations 
(62. 10) gives and «_», where it is sufficient to give k only positive values, 
in order to find all the coefficients. The imaginary part of «o remains 
indeterminate, as was to be expected, and may be fixed arbitrarily. 
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For example, if F = Fi for r — and F = I'j for r = R^, where 
Ti and Fg are constants, one has 

^; = F„ Al^r,. A',=^Al = 0 {k^O), 
and F{z) is given by (62.2). 

Note the important fact that multi-valued terms in the function 
fF{z)dz can only originate from the term A logz and the term a_iZ~^ 
in the expansion (62.7). However, as shown by (62.9) and (62.10), the 
constants A and a_i are determined solely by A'q, A^, A[ and A"^. Con- 
sequently, the characteri.stics of the dislocations for the auxiliary problem, 
and therefore also the stresses X^, Y^, Xy in the original problem, depend 
solely on the quantities 
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APPLICATION OF CONFORMAL MAPPING 

It has been seen in the earlier chapters of this Part that the use of 
power series for the unknown functions leads to effective results in the 
case of regions bounded by one or two concentric circles. By mapping 
given simply or doubly connected regions on a circle or circular ring, 
such expansions of the unknown functions will likewise secure effective 
solutions. The pre.sent chapter deals briefly with this problem, while a 
more satisfactory application of conformal mapping by other means 
will be described in Parts V and VI. 

§ 63. Case of simply connected regions. Consider first the case 
of a finite region S bounded by a .simple contour L which may be mapped 
on the circle | ^ 1 < 1 by the function 2 = w(C) ; denote by y the cir- 
cumference I I =: 1 of that circle. 

Since, in the notation of § 50, the functions 91 ( 2 ) and !j;i( 2 ) are ho- 
lomorphic in S, the functions 9 (C) and |(C) will be holomorphic in y- 
Hence one will have inside y the expansions 

9(g = S a,e, 'l'(C) =’S a;e, (63.1) 

00 0 

One can thus try to solve the fundamental boundary problems by substi- 
tuting these series (assuming them to converge on y, i.e., for ^ = <j = c**) 
in (51.1) or (41.5) which give certain systems of equations for the de- 
termination of the coefficients and a'^. 

This procedure will be explained for the case of the first fundamental 
problem. The boundary condition (51 . 1) will now be written 

<t) + 9 '(<t) + <Kff) = /i + if%> (63.2) 

a)'(ff) 

omitting an arbitrary constant on the right-hand side. It can always 
be assumed that the point 2 = 0 corresponds to the point C = 0 , i.e., 
that w(0) = 0. It is also known that 9 i( 0 ) and the imaginary part of 
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(Pi'(O), or, in terms of (p(Q, that 9(0) = and the imaginary part of 

(p'(0) . 

, i.e., be fixed arbitrarily. Hence, in the following, 

w (0) 

will be put equal to zero, while the imaginary part of ail(,i'(0) will be 
left indeterminate for the time being. Further, suppose that c<)((T)/fa)'((T) 
may be expanded (for a — e'^) in a series of the form 


W'(ff) 


I 00 




(63.3)[ 


which will be assumed to be absolutely convergent. It is easily shown ' 
that this condition will be met, if the contour L satisfies the conditions 
of § 47. \ 


In fact, this follows from the well known theorem of S. N. Bernstein [1] which 
states that, if a function /({>) satisfies the Holder condition for the index a > J 
(cf. § 65 for a definition of this term), the series of Fourier coefficients of this 
function is absolutely convergent. In the present case, cij(a)/a)'((j) has a continuous 
first order derivative and hence satisfies the Holder condition for a - 1. 


Developing in a complex Fourier series (assuming this to 

be possible) 

A + iU = S 2 .4X- (63.4) 

' - oo oo 

and substituting (63.1), (63.3) and (63.4) in (63.2), one obtains 

oo ^ oo oo oo -f oo 

S + 2 2 + s «>-*■ -= 2 ^ (63.5) 

k-l 1-00 fc-X fc-X ‘ - oo 

Multiplying out the series of the middle term on the left-hand side — 
the operation being known to be permissible, if it is assumed, for example, 
that the series for <p'(a) as well as the series (63.3) converge absolutely — 
and comparing coefficients of d™ (w == 1, 2, . . .), one finds 

oo 

4- 2 (w = 1, 2, . . .); (63.6) 

fc-i 

similarly, one obtains from o"*" {m — 0, 1,2, . . .) 

+ = A_„ (m = 0, 1, 2, . . .). (63.7) 

k^i 

The equations (63.6) form an infinite system of equations for the 
infinitely many unknowns «*. Each of these equations provides two 
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real equations for the quantities a*, where 

«-k + i^k — «*■. — i^k ~ ^k- 

If one succeeds in solving this system by one or the other method, 
the function will be determined. The coefficients a'^ in the expansion 
for <]>(!;) can then be found from (63.7). Thus, the basic problem consists 
of the solution of the system (63.6), i.e., of the determination of the 
function (p(!^). Further, if the series for ^(l^), (}'(^), 9'(^). determined in 
this manner, are found to be uniformly convergent for | ^ | = 1 and if 
the series for q3'(J^) is, in addition, absolutely convergent, one can be 
sure that the conditions of the problem will be satisfied. 

Obviously, uniform convergence for j | — 1 entails uniform convergence for 
I ^ i 1 and, hence, continuity of 9, 9' and ^ up to the contour, i.e., the regularity 
of the solutions (§ 42). 

Note that, having found 9(t^), the function 4^(s) may be determined directly 
without recourse to (63.7). In fact, if 9(Q is known, the boundary value of 
(ui I ] r- 1 is given by 

'J'(o) - /i - - ih-- <p(o) 9'(a) 

<» (o) 

Icf. (63.2)1. Hence, the function 'yfQ uiay be calculated directly by means of 
Cauchy’s formula. 

In many cases, the actual solution of the system of equations (63.6) will 
present no difficulties. An analogous system, obtained for one particular 
case by I). M. Volkov and A. A. Nazarov [1,2J, was solved by the 
method of successive approximation. Still earlier, P. Sokolov [1] gave 
the solutions of a number of particular problems, which are of practical 
importance, by an analogous method. The present treament will be 
restricted to the following remarks of a general character with respect 
to the system (63.6), and a start will be made with the simple case 
when (o(Q is a polynomial 

<>>(0 = ClC + ^2^^ + • • • + CrX,” ¥^0, c„j^0). (63.8) 

In this work use will be made of the following notation which is a par- 
ticular case of a somewhat more general notation explained in § 76 and 
which will be widely used. If 

m) = ao + + . . . + 

is some polynomial, then J{Q, where the bar extends only over /, will 
be understood to be the polynomial obtained from fiX,) by replacing the 
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coefficients by their conjugate complex values, so that, by definition, 
/ (Q = dp -f- djti + • • • + 

In this notation one will have (remembering that a — a = = <t~*) 


f{a)== dp + + ... + a„c» = ao + 


4- ... 4- a„a-" 



Applying this notation to the expression w(c)/{o'(<j), figuring in (63.2),. 
one finds 





C jg 4- 4- • • • 4 - g» g" _ 

Cj + 2 c2®'”^ + • • • 4" «C„CT~" 

— n 4- 4-_-^ _ 

4' 2c2g"~® 4" • • • 4' 


The right-hand side, considered as a function of the complex variable c 
in the entire plane (and it is, obviously, a rational function), has no poles 
outside the circle y, including its boundary, with the exception of the point 
CT = oo, because to'(0 does not vanish inside and on y (§ 47) and hence 
aj'(l/IJ) does not vanish on or outside y. In fact, suppo.se that at some 
point ^p, for Ko I > has <o'(l/^p) = 0; taking the conjugate com- 

plex value, one has <o'(l/Co) = 0 or to'(!^i) = 0. where 
I 1 < 1 , which is impossible. Thus, one has an expansion of the form 

~^'/Tr ” 4- • . • 4- 4- 6o -t- S 

-,/l\ fc-i 


which holds for | g j > 1 and, in particular, for g = «^®. Hence in the 
present ca.se the series (63.3) contains only a finite number of terms 
with positive powers of g, and, in fact, one finds 

6* = 0 {k>n+\). (63.9) 

The equations (63.6) now reduce to the following: 

««, = (w > « 4- 1) (63.6') 


4” 4“ 2d2&2 4" • • • 4" — Ai , 

*2 4" <*1^2 4* 2^262 -j- ... {n — l)««_i6» = A 2 , (63.6") 

4" = An ', 


and 
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one also finds from (63.7) 

m f n4 1 

+ 2 (m = 0, 1 , . . . (63.7') 

Thus, one has for the determination of the coefficients . . . , 
the n equations (63.6") which correspond to 2n real equations for the 
determination of the 2n real coefficients a^, (A = 1, . . w), where 

+ i^k == If the equations (63.6") have a solution, the remaining 

coefficients are determined by (63.6') and (63.7') and it is easily proved 
directly that the series for 9 (Q and i}^(?^), obtained in this manner, will 
satisfy the conditions of the problem, provided the given functions 
and /g are sufficiently regular, i.e., for example, they have second order 
derivatives with respect to satisfying the Dirichlet condition. 

In fact, if this last condition is satisfied, one will have inequalities of the form 

I I < = ± 1. ± 2, . . .), (a) 

whence it follows by (63.6') that the series for 9 (Q and 9 '(C) will be absolutely and 
uniformly convergent for | ^ | 1. Further, (63.7') shows that 4- 

where 

m f 71 M 
A- 1 

But the scries A converges absolutely by (a ) ; the series 'Z is likewise ab- 
solutely convergent, because its terms are found in a number of terms of an ab- 
solutely convergent series, obtained by multiplying out the absolutely convergent 
.series S and S b^. It follows directly from this that the series for vj^(Q is absolutely 
and uniformly convergent for | s 1 

Thus, the solution of the problem will be obtained, provided the system 
(63.6”) can be solved. However, it is clear that the system (63.6") cannot 
give definite values for all the coefficients a^, Pj, ...,a„, p„; in fact, 
it IS known beforehand that the imaginary part of flj/w'(0) — (ai+*Pi)/<<>^(0) 
remains always arbitrary. This means that the determinant of the 
system (63.6”) must vanish, and from this it is known to follow that, for 
the existence of a solution, the quantities A^, must satisfy a 

certain additional condition which will be deduced by excluding un- 
knowns from (63.6”). This condition will obviously express the demand 
that the resultant moment of the external forces must vanish (and this 
condition had been allowed for by assuming fi + iU to be continuous 
on the contour), because the present problem has a solution for this 

Theory of F.lasticity ** 
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(and only this) sufficient condition (cf. the existence proof in Part V,). 
It follows from the theorem of uniqueness of solutions that all coefficients 
fli, are completely determined, with the exception of the first 

only the real part of which [or, better, the real part of ai/£o'(0)] will be 
fixed, while the imaginary part may be given an arbitrary value. 

As an example, consider the case when JL is P a s c a I's L i m a 9 o n. 
By § 48, 2° (writing a instead of m) 

z = = R(K + ai:*), li> 0 . 0 < a < |. 

One has 


&>((t) (T + au* ^ 2 , ,, 2a(l — 2a*) 

= r — — as* + (1 2a*)<T • 

w'(<t) 1 + 2a<T , , 2a 

G 


= au* + (1 — 2a*)c — 2a(l — 2a*) 2 (— 1)* (-- ) , 

*=.0 \ a / 


'2a\*= 


and hence in the present case n = 2 , 

b^ = a, 61 = 1 — 2a*, - (— l)*--+i(2a)»-«(l — 2a*), 

(^-0, 1,2, ...). 


The system (63.6") will now reduce to the following: 

a^ + <*1(1 — 2 a*) + 2a2a = A 1, «i<* = A 


Substituting ag = — aaj + Aj, obtained from the second of these 
equations, into the first equation, one finds 


+ <*i 


Aj — 2aA2 


which determines the real part of a^. Hence, in order that the problem 
have a solution, one requires that the imaginary part of Aj — 2aA2 
zero. It is easily verified directly that this is the condition for the vanishing 
of the resultant moment of the external forces. 

Putting for definiteness 3(®i) = one finds 

A-y ““ 2o^A,2 . . 

“2(1 -2a*)’ = = 

m-f 3 

A„{m >3), a^ = — S kd^_„+„_y + A_„, {m > 0) 
and the problem is solved. The series obtained for and ij»(!J) can be 
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summed and expressed by means of Cauchy type integrals, but this 
will not be done here, since the corresponding formulae are more easily 
obtained by another method (cf. § 84). 

Now consider the general case when a>(^) is not a pol 3 momial. By 
omitting from the expansion 

a>(q = + 

all terms, beginning with c„^.i^"+i,one obtains instead of o)(Q a poly- 
nomial <o„(Q which does not map the region S, but a region S„ on to the 
unit circle, where S„ represents an approximation to S which improves 
with increasing n. The solution of the problem for the region S„ has been 
seen to present essentially no difficulties. The simplification brought 
about by replacement of a>(Q by the polynomial is equivalent to 

omitting in (63.6) and (63.7) all terms involving 6* for A > « -|- 1. 

It has been seen that in this case the problem reduces to the solution 
of a finite number of linear equations with a finite number of unknown 
coefficients, namely, to the solution of (63.6") and to the calculation of 
the remaining coefficients by means of (63.6') and (63.7'). This is one of 
the methods of approximate solution of the infinite systems (63.6) and 
(63.7), i.e., of approximate solution of the original problem. Letting now 
n increase beyond all bounds, the regions S„ will tend to S and the 
approximate solution will tend to the exact one, i.e., the functions (p and 
(Jy, found for the regions S„, will tend to definite functions giving the 
exact solution for the region 5. Under known general assumptions with 
respect to the contour of the region S and to the functions and /g 
given on the contour, this statement may be proved rigorously (cf. § 89 
for a more detailed discussion). 

Quite similar remarks refer to the method of solution of the second 
fundamental problem. This problem is even simpler, since, when the 
displacements on the contour are known, the coefficient ai is completely 
determined and the boundary problem will not be subject to any ad- 
ditional conditions. Thus, the system analogous to (63.6") will always 
have a unique solution. 

In the case of infinite regions, mapped on to the circle 1 | < 1 by 
a function of the form 

<o(!:) =^- + + Cgi:® + . . . + (63.8') 

results are obtained which are as simple as for finite regions. No further 
detail will be given on this, since in the above (and likewise in more 
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general) cases effective solutions may be deduced by the method of 
Part IV. 

The method of solution of the fundamental problems, studied in this 
section, is given in more detail and with certain additional interesting 
extensions in Chapter VI of the book by L. V. Kantorovich and V. I. 
Krylov [1]; the presentation given here has been reproduced without 
essential changes from the earlier editions of the present book. 

§ 64. Example of application of mapping on to a circular ring. 
Solution of the fundamental problems for a continuous ellipse. 

It is natural to try to generalize the method of § 63 to the case of 
doubly-connected regions by using transformations on to the circular 
ring. However, even for regions of a very simple form, direct application 
of this method does not lead to simple results. Mapping on to the circular 
ring will be used here to solve the fundamental problems for the continuous 
ellipse. 

The first fundamental problem for a region, bounded by two eccentric circles, 
has been solved by G. B. Jeffery fl], using a method which is essentially close to 
that of § 63. It is of interest to deduce by the same method the solution for regions, 
bounded by two confocal ellipses. The solution, given for this case by A. Timpe [2], 
has been found to be incorrect, as will be shown below. In fact, Timpe tried to obtain 
the solution of the problem by expanding the corresponding Airy function as a 
series in terras of a certain system of particular solutions of the biharmonic equation. 
But it is not difficult to verify that his sy.stem of particular solutions is incomplete. 
The complete sy.stem is easily constructed, starting from the complex representation 
of the biharmonic functions and utilizing conformal transformation on the circular 
ring. 

The fundamental problems for the continuous ellipse were solved by O. Tedone [1 ] 
and T. Boggio [3] by other, more complex, means. The solution, given in this section, 
was first presented in the Author’s paper [16] and it was also contained in the 
earlier editions of this book. Recently D. I. Sherman [18] gave a solution, based 
on the integral equations of G. Lauricella. The final formulae of Sherman agree 
with the Author’s earlier formulae, if the latter are somewhat transformed. In fact, 
the Author originally gave only the equations (64.21) and (64.21') for the calculation 
of the coefficients appearing in (64.23). However, by taking into consideration 
the coefficients of the expansion (64.24), formula (64.27) follows directly from those 
mentioned earlier. By substituting the expression for on the right-hand side 
of (64.19), one obtains a formula which agrees with that of D. I. Sherman. 

It is a fact that the finite region, bounded by an ellipse, may, like 
every region bounded by a single contour, be mapped on to a circle. 
But the corresponding transforming function is complicated and in- 
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convenient. That is the reason why another transformation will be used 
here. 

Imagine that the ellipse has been cut along the segment connecting 
its foci. This cut may likewise be conceived as an ellipse which is confocal 
with the original one and whose minor axis is zero. Thus, one has the 
limiting case of regions, lying between two confocal ellipses. This region 
may be mapped on the ring between two circles Yi and the ^ plane 
by putting (§ 48, 5°) 

z = a)(?:) R[K+~), R>0. (64.1) 

Circles of radius p in the ^ plane will correspond to ellipses in the z plane, 
where the parametric representation of the latter is 

x = 7?(p + cos It, y = /? ^p — ^ sin 9-. (64.2) 

The circle p = 1 of the ^ plane will correspond to the segment AB oi 
the Ox axis (of the z plane), enclosed between the points 

X — — 2R and x — 2R. 

When the point describes the circle p — 1, the corresponding point z 
moves along the segment ^4^ in accordance with the law 

— X == 2R cos 9 = /? ^ (® — ^'*)i (64.3) 


so that the points a — e'^ and a — of the plane correspond to one 
and the same point of the segment AB. 

Thus, one can take for Yi the unit circle ; the radius of y^ will be denoted 
by Po (po> !)• The magnitude of po will be determined by the given ec- 
centricity 2R and the major semi-axis of the ellipse a = i?(po-f 1/po), 
whence it follows that 


a -f —4R^ 
2R 


(64.4) 


(since — Va^ — 4R‘ would give po < 1). 

In the notation of § 50, the functions (pi(z) and ({'1(2) must be holo- 
morphic inside the uncut ellipse. Furthermore, they must be holomorphic 
in the ellipse, cut along AB. Hence 9(0 and (}'(0 ™’ist be holomorphic 
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in the ring between Yi and Yz and they will have expansions of the form 

= (64.5) 

— oo — oo 

which are convergent for i< 1 2: i< Po- 

Actually, the series (64.5) will even converge for 1 /po < | ? | < Po» since it can 
easily be shown that and may be analytically continued into the region 
between and the circle of radius p' = l/pQ. For this purpose it is sufficient 
to consider the Riemann surface of two sheets, superimposed on the ^ plane, with 
branch points at A and B. The relation (64.1) gives the transformation of this 
surface on the ring 1/po < I ^ I < Po. hence the above statements are justified. 

For p = Po, the functions (64.5) must satisfy the boundary condition 
W) + 9%) + 'KO = /i - ik. (64.6) 

where — if^ is a known function of ^ [cf. (63.2) ; the conjugate complex 
expression has been given here solely for the sake of convenience]. 
Further, one must have on Yi 

(P((t) = <p(^), tj;((T) = 4;(5), (64.7) 


because the points o and a correspond to one and the same point of the 
segment AB m the z plane. Conversely, if this condition is satisfied, the 
functions 95 ( 2 ) and tj;i(z) will take one and the same value, when the 
point 2 approaches the segment AB from either side, and hence they will 
be analytic functions in the uncut ellipse. 

It follows from (64.5) and (64.7) that 

= a-ic. a'k = «-*• (64.8) 

Introducing the series (64.5) into (64.6), noting that for p = Po 




and multiplying both sides of (64.6) by 1 one obtains 




I-+4-) 

; Po / -00 


= (/i - *■/*) (1 -4) P = Po> (64-9) 
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where use 

has been 

made 

of the notation 



A 1 \ 

'KO = (i 

1 ^ 

V , 

-foo 

-foo 


(‘-W 


s 

f — oo 

= S(a;-a,:,.2)t:^ 

— oo ^ 

— oo 

(64.10) 

so that 










= (ij^ 

2- 


(64.11) 


Expanding the right-hand side of (64.9) in the complex Fourier series 


■f oo 

(A — ik) ( I — = S ^ (64. 1 2) 

— OO 


putting ^ and comparing coefficients of one finds 

Po^ + (^ + + ^fcpo = -^fci 


or, noting that by (64.8) == a^, 

{k -f- 2)p{[ Po^*^ ^^fc-l-2 “i" ^Po "t" Po^'^Jk “I” ^fcpo ~ (64.13) 

Replacing ^ by — k — 2 and noting that by (64.8) and (64.1 1) 

b„ic-2 ^ ^-4: ~ \ 2 % = (64.8') 

one finds 

(A + 2)p0^ ^^/c-|-2”i”Po ^^A:+2 ^Po^^fc Po ^fcPo^ = (64.13') 

Elimination of 6^ from (64.13) and (64.13') finally leads to 
[k -H 2) (p2 — + (p2* ' i — p/*-Aa*+2 — (64 14) 

- - Po>. - (pf - Po^")«. = B.. 

where 

Bft = -^tPo* H" ■^-s-2po^^ (64.15) 


The coefficients can be determined from the recurrence formula 

(64.14) , provided «o 3.’"® known. [In actual fact, (64.14) gives for 

each k two equations obtained by separating real and imaginary parts; 
instead of this, one may deduce a second equation by going to conjugate 
complex quantities (see later).] The coefficient may be fixed ar- 
bitrarily, since one can always add an arbitrary constant to <p(l[). The 
formulae (64.14) show that, as was to be expected, the coefficient a, (and 
hence also . . .) does not depend on Wq; in fact, for k ~0, the terms 
involving cancel out. In order to calculate a, = fl_i, put k = — 1 in 

(64.14) which gives 




B_x 


-iPo 


2(p5-pr) 


Po 


■po 


(64.16) 
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This relation permits calculation of the real part of and at the same 
time shows that one must have 

= a real quantity, (64.17) 

so that the problem can be solved. It is easily verified directly that 
(64.17) expresses the condition for the vanishing of the resultant moment 
of the external forces. (The vanishing of the resultant force vector has 
already been taken care of by assuming and /g to be continuous on the 
boundary.) 

The imaginary part of Uy remains arbitrary, as was to be expected, 
since one can always add to 91(2) a term of the form Ciz, where C is an 
arbitrary real constant ; hence one can add to (p(l^) a term of the form 
Ciz — CiR(^ + 1/Q. It is easily seen that this imaginary part does not 
affect ^3, <*6, etc. Thus, by giving arbitrary values to and the imaginary 
part of ay and by determining successively all remaining • coefficients 
by means of (64.14), one obtains an expression for (p(t^). 

After this the coefficients 6* can be found from one of the formulae 
(64.13) or (64.13'). In this way one finds an expression for 

( 1 - 'KC) 2 + S 

\ {;•*/ -00 fc-i 

or, remembering that b_jc = — ^1-2 (i-c-. in particular, b_y — — b_y = 0), 

( i-) 

It will be shown below that for definite conditions the series for 4'(^) 
and 9(Q converge in the relevant region. The right-hand side of (64.18) 
vanishes for ^ ± 1 and, consequently, the function tj'(C), obtained by 

dividing the right-hand side by 1 — 1 jX,^, will not be singular for 1^ = ± 1 
(see remarks following (63.7) with regard to direct determination of 
(}i(li) by use of <p(Q and the boundary condition.) 

Thus the problem is solved. The second fundamental problem can be 
solved in a similar manner. 

Before turning to the question of the convergence of the above series, 
it may be noted that calculation of the coefficients a^{k = 2,3, . . .) can 
be simplified as follows. For convenience put 

+ (pf' - = C„ (64. 19) 

in which case (64.14) becomes 

^*+2 ~ ^ k ' 


(64.20) 
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Substituting in this formula successively k — 0,2, . , . 2n — 2, adding 
the results thus obtained and noting that Cg = 0, one obtains 

Cjn = 2 Bgk — S ^-2>c-2Po^^^)- (64.21) 

fc -0 fc — 0 

Similarly, substituting in (64.20) successively ^=1,3, ...,2« 1 

and adding, one finds 


^^2«+i = c, + 2 = q + 2 + > (64.21') 

fc-i *=^1 

where, by (64.19) and (64.16), 

Cl = (pS ~ Po^) («i + «i) == ^-iPo- (64.22) 

Thus, one has found closed expressions for the quantities c^. The 
coefficients a^, however, can be expressed very simply in terms of the 
c*; in fact, writing down the conjugate complex equation of (64.19) 
and solving for a*., one finds. 


fe (pg-PoV. -(pf-Po^^)c. 
^®(p0 — Po*)^ — (p'f — Po^*")® 


(k = 2,3 ). (64.23) 


The expressions (64.21) and (64.21') for may be further simplified, 
if one introduces instead of the coefficients Aj^oi (64.12) the coefficients 
Cfc of the expansion of the function — if^ as a complex Fourier series 


(64.24) 

Comparing (64.24) with (64.12), one observes that 

= (64.25) 

The expression (64.22) for takes then the form 

Cj = C_iPo CjPq^. (64.26) 

Substituting (64.25) and (64.26) on the right-hand side of (64.21) and 

(64.21'), one finally finds the simple formula 

c.-C_,p§-C,p^*^ (^=1,2,...). (64.27) 

Finally consider the question of the convergence of the series obtained 
above and suppose that the functions fx and /, have second order deri- 
vatives, satisfying the Dirichlet condition (or more generally, being of 
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boimded variation). Then one has for the coefficients Cj. of (64.24) 
inequalities of the form 

^ ^ = i d; 2, . . .). 

On the basis of (64.27), (64.23) and (64.13) or (64.13') one easily finds 
the inequalities 

(*=±1. ± 2. ...), (64.28) 


from which follows immediately the absolute and uniform convergence 
of the series for 9 (Q, 9 '(Q, (1 — Ij^^) in the interval 


\ 

\ 


- < 1 I < Po, 

Po 


and hence the suitability of the solutions. 



PART IV 


ON CAUCHY INTEGRALS 


In the subsequent chapters wide use will be made of so-called Cauchy 
integrals. A systematic study of the properties of these integrals may 
be found in the Author’s book [25], but for the convenience of the reader, 
who wants to limit himself to the information actually required for the 
understanding of what follows, the essentials will be given in the present 
Part. Some deductions will be stated without proofs; these may be found 
in the book mentioned above, or in I. I. Privalov’s book [1]. On the 
other hand, a number of elementary formulae and results will be given 
here which are of practical value and which are not contained in those 
books. 




Chapter 12 


FUNDAMENTAL PROPERTIES OF CAUCHY INTEGRALS 

§ 65. Notation and terminology. 

1 In the sequel, unless stated otherwise, L will be a simple smooth 
contour, a simple finite smooth arc or the union of a finite number of 
such disconnected arcs and contours in the plane Oxy (Fig. 30). In this 
case L will be called a simple smooth 
line, where the words "simple” and 
“smooth” will often be omitted. 

Thus the line L may consist of parts 
placed separately from each other. If I 
contains arcs, their ends will be called 
ends of the line L. 

The line L will always be given a 
definite positive direction ; in the case 
when it consists of disconnected parts 
a positive direction must be chosen on 
each of these parts. 

If one draws about any point of the (simple, smooth) line L, which 
does not coincide with one of its ends, a circle of sufficiently small radius, 
this circle will be divided by L into two parts one of which will 
lie on the left and the other on the right of the line (looking in the 
positive direction of L ; cf. Fig. 30). In accordance with this, a distinction 
may be made between "left” and “right” neighbourhoods of the point 
t on L, other than one of its ends. For example, the left neighbourhood 
of / consists of points, not on L and in the left section of a circle drawn 
with sufficiently small radius about t. 

In a similar manner one may distinguish between left and right 
neighbourhoods of any part of a line L, the ends of which are not ends 
of L. As before, a part of the line L will always be a part consisting of (a 
finite number of) arcs or contours belonging to L. The left and right 
neighbourhoods will be denoted by (+) and ( — ) respectively. 

2°. The definitions of § 37 will now be recaUed and partly extended. 



253 



254 


IV. ON CAUCHY INTEGRALS 


§65 


Let F{z) be some function, given in the neighbourhood of L, but not on 
L, and assume that F{z) is continuous there. (As in § 37, the function 
F{z) will not be assumed to be analytic). Also let t be some point of L 
other than its ends (if the last exist). 

The function F{z) will be said to be continuous at t from the left [or right), 
if F{z) tends to a limit as z tends to t along any path remaining, however, 
on the left (or right) of L [i.e., 2 may take any position in the left (right) 
neighbourhood of /]. The limiting values of F[z) as z -^t from the left 
or from the right will be denoted by | 

F+(t} or F-(t) 

respectively and they will be called the boundary values of F(z). 

This notation, and the term “boundary value” will only be used in 
such cases when the corresponding limiting values exist as z tends to t 
along any path on the left or on the right of L, i.e., when F( 2 ) is continuous 
at t from the left or from the right. 

Let L' be some part of L the ends of which do not coincide with those 
of L (if such exist). The function F(z) will be said to be continuous at 
U from the left [or right], if the limiting value F-^{t) [or F~(<)] exists 
for all points t of L'. 

As mentioned in § 37, if F{z) is continuous on L' from the left [or 
right], the function F+{t) [or F-{t)'] will be continuous on L'. Hence it 
follows that, if the line L' be added to the left [or right] neighbourhoods 
of L' and if the function F{z) be given its values F-^(t) [or F"(i)] on L' , 
then F{z) will be continuous in the left [or right] neighbourhood, including 
the line L’. 

3°. Let f{t) be some, in general complex, function of the point t of L; 
this means that 

f{t)^h{t)+if,{t). (65.1) 

where fi{t) and f^it) are real functions of t on L. 

In future, t will denote a point as well as its coordinates, i.e., t — x-\-iy. 

The function f{t) will be said to satisfy on L the Holder condition, or 
just the H condition, if for every pair of points t^, t^ of L the following 
inequality holds true: 

\m-m\<A\h-hr, ( 65 . 2 ) 

where A and are positive constants and 0 < n < 1 ; A is called the 
Hdlder constant and (i the Holder index. 
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The condition (65.2) is easily seen to be equivalent to 

I < (65.3) 

where B is a positive constant and < 5 ^^ is the length of arc of L between 
ti and ^2 \ if ^1 ^-i^d lie on a contour forming part of L, the shorter of the 
two arcs between and must be taken for If L consists of several 

different parts, the condition (65.3) must be understood to be fulfilled 
for any pair of points lying on one and the same part. 

The equivalence of the conditions (65.2) and (65.3) follows from these propositions 
which are easily proved: 

1°. If (65.2) is satisfied for any ])air of points whose distance does not exceed 
some fixed number S, it will be satisfied for the whole of L, provided, if this should 
be necessary, A is replaced by a larger value. 

2®. hor any pair of points i^, whose distance does not exceed S 

'‘-A' 1. 

<Jl2 

where k is a positive constant. Proofs of these propositions may be found, for 
example, in the Author’s book [25]. 

If (X > 1 in (65.2) or (65.3), it is easily seen that the derivative of 
with respect to the arc s of L will be zero ; hence, in this case, /(O =const. 
on h or, if h consists of different parts, on each of these parts. This case 
is of no interest, and for this reason consideration will be restricted to 

[X < 1 . 

NOTE. If for a %iven point <(, of L one has the inequality 

for all t of L, sufficiently close to the function /(/) will be said to satisfy 
the H condition on L at the given point ; however, this does not mean 
that f{t) satisfies the H condition in the neighbourhood of i.e., that (65.2) 
holds true for any pair of points in the neighbourhood of on L. 

4°. In the sequel the following well known notation will sometimes 
be used. Let ^ be a variable quantity which runs through some set of 
values and tends to 0 [or to oo]. Then will denote a quantity such 
that 0(^)/^ remains bounded for sufficiently small [or sufficiently large] 
values of I 5 |. In other words, for those values of ^ 

O(^) <C.!^|, 

where C is a finite constant. Further, o(^) will denote a quantity such 
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that (the modulus of) o(^)/^ will be as small as desired, when ^ | is 
sufficiently small [or sufficiently large], i.e., 

I l< c . I ^ I, 

where c is a positive quantity which only depends on | ^ | and which 
tends to zero for ^ 0 oo]. 

For example, if /(/) satisfies the H condition in the neighbourhood of 
the point /g, this condition may be written / 

for all points which are sufficiently near to Iq. \ 

One particular case of this notation should be noted. Consider thd;^ 
expression 0(| 5 t“), where a is a real number. By definition, 0(\ ^ |®)/| ^ |“ 
remains bounded when |^|->0 [|5|->-oo]. In particular, for a — 0, 
the expression 0(| ^ |*) becomes 0(1). Thus 0(1) denotes a quantity which 
remains bounded for sufficiently small [or sufficiently large] values 
of I ^ |. Similarly, o(l) denotes a quantity which tends to zero for | ^ | 0 

[or I 5 I -^oo], i.e., | o(l) | < s, where e only depends on | ^ | and lim e = 0 
for U| ->0 [or 1^1 ->oo|. 

For example, the condition that f{l) is continuous on L may be written 

/(<2)-/(^l) 1=0(1) 

for 1/2 — /j 0. 


§ 66. Cauchy integrals. Let L be the same as in the preceding 
section and let f{i) = fi{t) + be some, in general, complex function 
given on L. Unless stated otherwise, it will always be assumed that j{t) is 
finite and integrable in an ordinary (Riemann) .sen.se. 

The integral of the form 


j f mdt 


(a) 


taken over L with z some point in the plane of L, wUl be called an integral 
of the Cauchy type or Cauchy integral', the factor \j2ni is not essential 
and has only been introduced for the sake of convenience. 

For the present it will be assumed that the point z does not lie on L. 
In that case the integral (a) has a definite meaning and represents a 
function of the complex variable z throughout the entire plane with the 
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exception of the points of L. This function will be denoted by F(z), so that 



L 


( 66 . 1 ) 


It is easily seen that F{z) is holomorphic in the whole plane, excluding 
the points of L, If L consists of contours, as shown in Fig. 30, the preceding 
statement must be understood in the sense that F{z) is holomorphic in- 
side all parts into which the plane is divided by L. (It must not be thought 
that F{z) is analytically continued when ^ passes from one part to another; 
this will become clear from the following work.) 

Further, it is easily seen that lor z -> oo F{z) tends to zero, i.e., 

F{oo) - 0. (66.2) 


§ 67. Values of Cauchy integrals on the path of Integration. 
Principal value. Hitherto it has been assumed that the point z in (66.1) 
does not lie on the line of integration L, Now let z coincide with some 
point ^0 of For the present write formally 


J„ 

2m J i — 

L 


(67.1) 


If m 0, the integrand beconie.s infinite like \t — as i -> 
Hence the integral has no meaning in the ordinary sense. However, 
for certain conditions referring to /(/), the integral (67.1) may be given a 
definite interpretation. In fact, assume that is not an end of L (if 
such exist) and separate from L a sufficiently small arc which contains 
^0 in such a way that 

K — ffl I ~ I ^2 ^0 (67.2) 

Denote the arc by / and the remaining part of L by L — I and consider 
the integral 

(67.3) 

L-1 

This integral is completely defined in the ordinary sense, since, as t travels 
along the path of integration L—l, \ | > S where 8 is some positive 

constant. 

Next suppose that and tend to in such a way that (67.2) remains 
satisfied. If under these conditions the integral (67.3) tends to a definite 

Theory of Elasticity * ^ 


1 f tS¥l. 

'2tTti J t 
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limit, this limit is called the principal value of the Cauchy integral (67.1). 

Clearly, if (67.1) has a meaning in 
^ the ordinary (Riemann) sense, its 
principal value will exist, but the 
converse proposition is, generally 
speaking, not true. (In this connection 
the term ordinary means that t^ and 
<2 tend to <0 in an arbitrary manner! 
so that (67.2) is no longer fulfilled)! 

The principal value of an integral,) 
if it exists, will be denoted by the! 
same symbol as the ordinary integral, 
31. i.e.,by (67.1), whercitmustbeunder- 

stood that, if the integral has no 
meaning in the ordinary sense, its principal value must be taken (provided 
that it exists). Some authors use a special symbol for the principal value; 
for example, the integral sign is accented (') or the letters VP (Valeur 
Principale) are put in front of it. 

No consideration will be given to the problem of finding the most 
general conditions for the existence of a principal value, but instead 
one very important case (which is completely sufficient for the purpose 
of this book) will be stated when this existence is definitely en.sured. In 
fact, the principal value of the integral (67.1) exists, if the function f(t) 
satisfies the H condition in the neighbourhood of the point t^, i.e., the con- 
dition (cf. § 65) 

I m-m i< ^ I <2— r. o < p < i. ( 67 . 4 ) 

This proposition will now be proved by actually expressing the principal 
value of the integral by an ordinary integral. For this purpose investigate 
the integral (67.3) and consider first the case (cf. Fig. 31) when L consists 
of a simple closed arc ab. i.e., consider the integral 



_ i_ f fm 

2Tzi j t — tf) ’ 

ab~l 

where the positive direction is from a to b. 
This integral may be written as follows: 


(67.3') 


. L fJM. ^ _.L f 4. M f^JL. 

2ni J i — /q 2 w J t — 2ni J t — t^' 

ah-l ab^l ab-'l 


(67.5) 
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The first integral on the right-hand side tends to the limit 

2Tzi t /n 

aJI} 

as <1 /()> ^2 ^o> because it converges in the ordinary (Riemann) sense; 

in fact, by (67.4), 

_ 

\t — L\ 

and since 1 — (j. < 1 , this inequality ensures convergence of the integral 
by a well-known elementary convergence theorem. 

Next consider the second integral on the right-hand side of (67.5) 
which is easily represented in the form 

ah- 1 


where by log (t — Q on the parts at^ and t^b of the line ab must be under- 
stood any branches of this function which change continuously with t 
on each of the parts a/j, t^b separately. These branches may be chosen 
arbitrarily on each of these parts, but for the sake of definiteness they 
will be related by the following condition : the value log (t — /„) for 
i ■--- is to be obtained from the value log (t — t^) for ^ by means of 
a continuous change of log (t — i^), as the point t moves from to 
along a (infinitely small) semi-circle, lying to the left of L (cf. Fig. 31). 
Under this condition the branch log {t — on at^ completely determines 
the choice of the branch on tj), and, provided this choice has been made, 
one may write 


1 dt • , - ■ ^0 I ^ 1 ^0 

. .. — ..-log — ~~rlog 

27C2 ,, t 2Tcf d OtTzi /ft 

ab-l 


(67.6) 


log 1- = log [b - g - log {a - g, 

d Iq 

log Az; = log (^1 — g — log (fj — g, 


where 
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for the choice of logarithms, stated above. Further, since by supposition 

1, 


■folllh-to 


log 7 


^0 


*6, 


where 0 is the angle, shown in Fig. 31. Obviously, as -><o> ^2 ooe 
has; lim 6 = tt. Hence, proceeding in (67.6) to the limit, one obtains 



ab -I 


Thus, the integral (67.3') has a definite limiting value and this limit is, 
by definition, the principal value of the integral 

,L fl&l. 

2m J t — ia ’ 

\ 

it is given by the formula 


~ I ~ im + - r /W log " - ■; 

2 ??^ ,/ t /q CL /q 



m -zfi^o) 
i-U 


dt, 


(67.7) 


where the integral on the right-hand side has an ordinary (Riemann) 
value. 


The preceding statement implies that the condition (67.2) is satisfied. If this 
condition were not fulfilled, one would have instead of (a) 

log A = log /l 4- tO, (6) 

where rj = j — <, |, fj = | | ; hence, if (67.2) is omitted, the expression 

(6) would not tend to a limit. 

Now let L be an arbitrary line of the form discussed in § 65, 1°. Then, 
selecting on L some arc ab containing fp (in such a way that « or 6 do 
not coincide with Q, one may rewrite the integral (67.3) 

1 r f(t)dt _ 1 r f(t)dt 1 r f{t)dt 
2m J t — to~~2^J ~t — t^ 7 — "fo ' 


Provided (67.2) is satisfied, the first integral on the right-hand side 



CHAP. 12 


FUNDAMENTAL PROPERTIES 


261 


has just been shown to tend to a definite limit, as the 

second integral obviously does not depend on and t.^. Hence (67.3) tends 
to a definite limit which is, by definition, the principal value of (67.1); 
on the basis of the preceding work, this principal value is given by 


1 

2m 




if (to) + 






dt 4" 


mdt 

it "" if{\ 

L-ab 


(67.8) 


This formula shows little symmetry and it will not be used below; 
it has only been introduced here to show that the Cauchy principal value 
exists under the conditions referring to /(/), stated earlier, and that it may 
be expressed by means of ordinary integrals. 


NOTE. 1. The formula (67.8) is considerably simplified, if X is a 
simple contour. The relevant formula for this case may be deduced 
from (67.7) by letting the end b of the arc ab tend to the end a, so that 
one obtains in the limit the contour L. Assuming, for definiteness, that 
the positive direction on this contour is chosen in such a way that the 
finite part of the plane bounded by L lies to the left when looking along 
L in the positive direction, one will have (for b = a) 




- 0 , 


and (67.7) takes the form 


1 r f(t)dt 

2m J i — tn 


im + 


2m 


m-m 


(67.7') 


NOTE. 2. It is unnecessary to introduce the condition (67.2), in 
order to define the principal value of the Cauchy integral. 

In fact, it is sufficient to assume that 


as <8 <0. that fi = | I. >'2 = M2 “ I are infinitesimal 

quantities of equal order of magnitude. Obviously one will again have 
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under this condition that 



A® 

^0 




(cf. remarks following 67.7), and hence all the preceding conclusions and 
formulae will remain valid. 

In particular, the condition (67.2) may be replaced by 

a I == «Tjj, (67.2') 

where CTj and CTj denote the lengths of the arcs titg and i^to, so that the ' 
point if, divides the arc ifii into two equally long parts. 


NOTE. 3. Obviously the formulae and conclusions of this section 
will remain in force, if /(t) satisfies the H condition only at a point Iq 
( cf. §65, 3°), i.e., if 

i/W— /W I 

(for t sufficiently dose to ; thus there is no need for the H condition 
to be satisfied for any pair of points in the neighbourhood of /q. But in 
that case the above work will only hold true for the given value /q- 


§ 68. Boundary values of Cauchy integrals. The Plemelj for- 
mulae. As regards the values of the Cauchy integral 


F{z) = 



( 68 . 1 ) 


on the line of integration, considered in § 67, a distinction must be made 
between its boundary values, i.e., between the limits of F{z) as z tends 
to #0 on L from the left or from the right. The following important pro- 
position holds true with regard to these boundary values. 

If the function f(t), given on L, satisfies the H condition in the neighbour- 
hood of a point tf, of L, other than one of its ends, the integral F(z) is con- 
tinuous at L from the left and from the right, i.e., the boundary values F^{t^ 
and F~(to) exist. (Naturally, the H condition is only satisfied for points of 
L near since f{t) is not given for other points of the plane.* See also 
§ 65, 2°). 

These boundary values are given by the formulae 

1 f f{t)dt 
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+ 7 - 




(68.3) 


where the principal values of the integrals must be taken on the right-hand 
sides. 

The formulae (68.2) and (68.3) may be replaced by the equivalent 
expressions 

F+(g-F-(g = /(g, (68.4) 


mo) + F~{to) == 

m 



(68.5) 


Further, the following proposition holds true: 

If the function f{t) satisfies the H condition on some part U of L, the 
boundary values F^{1^ and F~{t^ also satisfy the H condition on L', except 
possibly in an arbitrarily small neighbourhood of the ends of L' {if the latter 
exist). 

The above theorems were first given by J. Plemelj [1] and refined by 

I. I. Privalov. The formulae (68.2) and (68.3) were likewise given by 

J. Plemelj (in the same paper) and for this reason they will be called 
Plemelj formulae. The proof of the formulae and theorems of the present 
section may be found in I. I. Privalov’s book [1] or in the Author’s book 
[25]. 

NOTE. 1. The expression (68.4) follows from (68.2) and (68.3) which 
have been obtained under the supposition that f{t) satisfies the H con- 
dition in the neighbourhood of the point t^. But it may also be extended 
(in a conventional way) to the case when f{f) is only continuous in the 
neighbourhood of t^. Draw through t^ some straight line A which does not 
coincide with the tangent at /o and select on this line two points t! and 
in such a way that the segment ft” is bisected by tf^. Then, if f{t) is con- 
tinuous (on L) near /q, the difference 

F{f')—F{f) 

tends to«the Emit /(g as f -> f -*■ h (provided f and f are all the 
time equidistant from g. Hence, denoting this limit by F+(g — F-{Q, 
one finds (68.4) to be still valid under the new conditions for f{t). 

This circumstance was likoWise noted by J. Plemelj [1] ; the proof may 
be found in tl», Author’s book [25]. It can also be shown that F(f') — F(f) 
tend 3 unifiiiimly to the limit /(g (with regard to the position of on 
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some sufficiently small part of L), if the non-obtuse angle between the 
straight line A and the tangent to L at is not less than some fixed acute 
angle (the proof of tWs proposition is given in the Author’s book [25]). 


NOTE. 2. The following result follows immediately from the 
statements of the preceding Note: If the function i{t) is continuous 
on L in the neighbourhood of and if the boundary value [or 

E“(<o)] exists, the boundary value F~{Q [or F+(Q] also exists and these 
boundary values are related to each other by (68.4). 

NOTE. 3. In contrast to what has been said in Note. 3 of § 67, it 
is not sufficient for the existence of the boundary values F+(<o), F~{tg) to\ 
assume that f{t) satisfies the H condition only at a given point (cf. \ 
§ 65, 3°.) and not in some (arbitrarily small) neighbourhood of (on L). 
However, under this last supposition, there will exist limits of the function 
F{z) as ^ /q from the left or from the right, if it is assumed that this 
transition takes place along a definite path not tangential to L. 


NOTE. 4. Let Z, be a simple closed arc the ends of which will be 
denoted by a and b and the po.sitive direction of which is from a to b. 
The behaviour of the function F{z) near the ends is easily determined. In 
fact, let it first be assumed that f(a) = 0. Then, extending the line L 
beyond the end a, for example by a segment of the tangent there, and 
putting on the additional part f{t) ~ 0, one arrives at the case where 
a is not an end. Hence, applying the earlier results, it is easily concluded 
that F{z) tends to a definite limit as z tends to a along any path. [By 
(68.2) and (68.3), one will have F+{a) ~ F-{a), because in the present 
case /(<o) = f{a) = 0.] If f(a) ^ 0, the formula (68.1) can be rewritten 
in the form 


F{z) 


= J_ /'A“^ + _L f 

2ni J t — z 2Tzi J 

ab ab 


27:1 a — z 2m 


m-m 

t — z 


dt 


fP}- 
i J t — 


m 


dt, 


ab < 

and it is easily seen, on the basis of the preceding remarks, that near a 

F{z) = ^ log F*(z), (68.6) 

2w z — a 

Avhere F*(z) tends to a definite limit as z -^a. Similarly, one has for the 
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end b 

F{z) = - log ----- + F**{z). (68.7) 

2w z — 0 

where F**{z) tends to a definite limit asz -^b. 

These results can be immediately extended to the case when L contains 
an arbitrary numbef of closed arcs 


§ 69. The derivatives of Cauchy integrals. As before, let 





(69.1) 


where fit) and L are the same as at the beginning of § 66 and z is a point 
not on L. Derivatives of any order of F[z) may be obtained by differ- 
entiating the integral on the right-hand side with respect to z, so that 


and, in general, 



L 


(69.2) 


(69.3) 


Now the question arises with regard to the behaviour of these deriva- 
tives when z approaches L from one or the other side. This question is 
easily answered, if it is assumed that f{t), given on i, satisfies certain 
conditions. 

For example, suppose that /(/) has on some arc ab oi Lo, first derivative 
with respect to t which satisfies on L the H condition. By the derivative 
of /(/) with respect to t will, of course, be understood the limit 


lim 


m-m 

v—t 


as / in an arbitrary manner, remaining all the time on the arc ab ; 
this derivative will be denoted, as usually, by f{t) or df{t)ldt. 

Subdivide the integral on the right-hand side of (69.2) into two in- 
tegrals one of which is taken over the arc ab and the other over the re- 
mainder of L. Obviously, the second integral represents a function of z 
which is holomorphic near the points of the arc ah, other than its ends. 
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The first integral can be transformed by an integraticm by parts: 

_L plML _ _ -i, /■ mi _ r + ±, fiML. 

27 zi J (f — 27 zt J t — z L/ — 27ti‘ J t — z 

ab ah ah 

Since, by supposition, f'{t) satisfies the H condition on ab, it is clear 
that, using the results of § 68, the right-hand side o|.|tie preceding formula 
is continuous at ab from the left and from the right, if one excludes the 
ends a and &; hence the same will be true with regard to F'{z). 

Proceeding progressively to the higher order derivatives, it is easiw 
shown that the function is continuous at ab from the left and 

from the right, excluding the ends a and b, provided the function /(4 
has an «-th order derivative with respect to t which satisfies on the\ 
same arc ab of L the H condition. 

Using the results of § 68, it may be shown that under the stated conditions 
the boundary values [F*“*(<)]+ and satisfy the H condition on 

ab, if (arbitrarily small) neighbourhoods of the ends a and b are excluded. 


NOTE. If one determines the position of the point t on ab by means 
of the arc s, measured from some fixed point (say a) of L in the positive 
direction, one obviously has 




(69.4) 


where a is the angle between the positive tangent to L at I and the Ox 
axis. Hence 



dt{t) ds 
ds dt 




(69.5) 


By supposition, the line £ to be smooth, i.e., such that the angle a 
changes continuously with t (or with j). It does not follow from this that 
a satisfies the H condition. Therefore, if /'(/) satisfies the H condition, 
this is not necessarily true for df{t)jds. 

If, in addition, it is assumed that a satisfies the H condition, then it 
follows from the fact that t'{t) satisfies the H condition that also df{t)lds 
satisfies that condition, and vice versa. 

Further, it does not follow from the existence of the second derivative 
f"{t) with respect to t 


m = 


dm 

dt ' 
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that d^f{t)lds^ exists, even if it is assumed that a satisfies the H con- 
dition. But, if it is assumed that the derivative dcclds (which is known to 
represent the curvature of the line L at /) exists, then the derivative 
d^f{t)lds^ exists and it may be expressed by the formula 


d^m 



(69.6) 


which follows from (69.4) ; this derivative will satisfy the H condition, 
if that condition is .satisfied by f"{t) and by dx/ds. 

Similar reasoning may be applied to derivatives of higher order. 


§ 70. Some elementary formulae, facilitating the calculation 
of Cauchy integrals. A number of simple formulae will now be deduced 
which facilitate calculations in many cases. 

Let L be a simple smooth contour. Denote by S+ the finite part of the 
plane bounded by L, and by S" the infinite part of the plane consisting 
of the points lying outside L. The contour L will not be included with S+ 

or 5~. The region, consisting of S+ and of the points of L, will, by an 

obvious notation, be denoted by 5+ + L, and the region, consisting of S~ 
and of the points of L, by S~ + L. The positive direction of L will be 
chosen so that the region S+ lies on the left. 

Now the following well-known formulae will be recalled. 

T’. Let /(z) be a function, holomorphic in S+ and continuous in 
5+ + Z-. Then 

; f — = f(z) for z in S+, (70.1) 

27rr J t — z 

. ' = 0 for z in S-; (70.2) 

27W j t — z 

L 

(70.1) is Cauchy’s formula and (70.2) is a direct consequence of Cauchy’s 
theorem, because in this case the integrand ■f{t)l{t — z), considered as a 
function of f, is holomorphic in S+ and continuous in 5+ -f- L. 

' 2°. Let /(z) be a function, holomorphic in S" including the point at 
infinity and continuous in S~ -|- L. (It will be remembered that this 
means that for sufficiently large | z | 

m = c.+-j + 
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SO that Cq = /(oo).) Then 


L 

~J~r f — /(oo) foTiii: in 5+; (70.2') 

27T{ ./ i z 

L I 

(70. 1') will be called Cauchy’s formula for the infinite region S~. The 
signs on the right-hand sides of (70. 1 ') and (70.2') must be inverted, if tne 
positive direction on L is chosen in such a way that S~ (and not S+) lies 
to the left. \ 

Note how the formulae (70.1') and (70.2') may be deduced from 
Cauchy’s formula and theorem for finite regions. Assume for the time 
being that /(oo) — 0. Let F be a circle with centre at the origin and 
with so large a radius that the contour L and the point z lie inside F. 
Then, assuming z to lie in the region between L and F, one has by Cauchy’s 
formula 




1 C f [t)dt _ 1_ 

2ni J t — z 2m J t — z 2m 

T+L L 


f(t)dt 

Y'—z’ 


where F = L denotes the union of the contours F and L and the positive 
direction on F is assumed to be clockwise ; the ( — ) sign on the right-hand 
side follows from the fact that the region between F and L lies to the 
right for motion along L and F in the positive direction. 

It will now be shown that the integral 

^ f mdt 

2m J t — z 
r 

is zero. In fact, the value of I does not change, if the radius R of the circle F 
is arbitrarily increased, since the function f{t) is holomorphic outside L. 
On the other hand, as /(oo) = 0, one will have for sufficiently large 1 1 1 


where C is a positive constant. Hence, putting 

t = Re^*, whence dt = iRe^d^, | if | = 2? | |, 
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one has 

2jt 2n 

/ 1 < I _L /*_ ^ c r 

2tz .r — z\ '2ltJR\t — z\^ 2 k J 'W^r R ■ 

» 0 0 

where r = | z | . Thus, when R oo, 7 ->■ 0. But since I does not depend 
on i?, 7 = 0. Thus (70.1 ') has been proved under the supposition /(oo) = 0. 

In order to prove (70.2') under the same condition, it will be assumed 
that z lies in S+. Then 

M 

t — z ’ 

considered as a function of i, is holomorphic in the region between L 
and r. Therefore, by Cauchy’s theorem, 

0 ’ - J. f 4. _L /* 

ImJ t -z Inij t — z 2KiJ t — z' 

T\L L r 

But the last integral, denoted earlier by 7, is zero, and hence the 
required formula (70.2') follows for /(oo) = 0. 

If now Cfl — /(oo) 0, on applying the formulae just deduced to the 

function f{z) — Cq, which vanishes at infinity, and noting that 
1 /' Cf^t f 0 for 2 in 5~ 

2tci./ t — z Icq for 2 in S+ ’ 


one obtains (70. 1 ') and (70.2') for the general case. 

With a view to the generalization of the preceding formulae, the following 
terminology will now be introduced. Let a be some finite point of the 
2 plane and let the function f{z) have the form 

/(2)=:G(2)+/o(2) («) 


in th» neighbourhood of this point, where 



J 

+ {z-aY 


+ 


+ - 

{z — ay 


(b) 


(.<4i, .^ 2 , . . ..At being constants). Then it will be said that f{z) has at 
that point a pole of order I with the principal part G{z). 

Similarly, if in the neighbourhood of the point 2 = 00 , i.e., for suf- 
ficiently large | 2 |. the formula {a) holds true, where now fo{z) is ho- 
lomorphic near 2 = 00 and vanishes at that point, and where 

G{z)^Ao-yAtZ+ ... +Atz^ (c) 
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{Af,, Ai, ...,Ai being constants), then it will be said that i{z) has at 
z = oo a pole of order I with the principal part G{z). 

It will be noted that in the case of the point at infinity the constant A^ 
has been added to the principal part. 

A function holomorphic in the neighbourhood of the point a, may be 

expanded in a series of the form 

/oW = Co + C^(z — a) + Cjj(z — a)* + 

Even in the case when f[z) is holomorphic near the point at infinity, i.e., when 
for sufficiently large | ^ | \ 



the function f(z) will be said to have at z = oo a pole of zero order with the principal 
part c„. 

The following simple formulae will now be proved. 

3°. Let f{z) be holomorphic in S+ and continuous in S+ + L with the 
possible exception of the points Aj, Aj, . . . , a„ of 5+, where it may have 
poles with the principal parts Gi( 2 ), ^ 2 ( 2 ), . . G„(z). Then 

I = /(^) _ G,{z) - G 2 (^) - ... - G„{z) for 2 in S+ (70.3) 

^7Zt J i Z 

L 

and 


1 ff(t)dl 
2Tii J t — z 

L 


— G,( 2 ) — G^{z) — ... — G„{z) for 2 in S". (70.4) 


4°. Let f{z) be holomorphic in S“ and continuous in S" + L with 
the possible exclusion of the finite points Aj, Aj, . . . , «n of -S" and also 
the point 2 = 00 , where it may have poles with the principal parts 
Gi{2), G^{z), G„(2), G^{z). Then 

^ + G,{z) + . . . + G„( 2 ) + G„( 2 ) for 2 in S- (70.3') 

J t Z 

L 

and 


1 fmdt 
2itiJ t — 2 


G,( 2 ) + . . . + G„( 2 ) + G^[z) for 2 in S+. (70.4') 
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These formulae are easily established. Because of the similarity in the 
proof, attention will be restricted to (70.3) and (70.3') ; the reader may 
verify the other two formulae in a similar manner. 

First consider (70.3). Applying Cauchy’s formula to the function 

U{z) = f(z) — G,{z)-...—G„{z) - 

which is holomorphic in S+. one finds (assuming z to lie in S+) 

® 2m} t ■ z 2Kij t — z 2m j t — z 2m j t — z' 

L /. 2. h 


But each of the functions G^iz), 1, is holomorphic in 5“ 

and vanishes at infinity, becau.se these functions are of the form (b). 
Hence, by (70.2'), 


J r G,{t)dt 
2m J i - 


k= 1 , 2 , 


n. 


Thus 

m = 

and so (70.3) follows. 

To prove (70.3'), let T be a circle with centre at the origin and with 
radius .so large that L and the points z, a^, a^, a „ lie inside T. Ap- 
plying Cauchy’s formula to the function 

/o(^) = M -- G,(z) - ... - G„{z) - G„(r) 


2m j t — z ‘ 


which is holomorphic in the region between L and F, one has (with the 
former convention regarding the positive direction on F) 


1 j /o(o^ ^ f 

2m j t — z 2m j t — z 2m J t — z 

L\T h T 


(assuming, of course, that z lies in 5~). But, by (70.2'), the last integral 
vanishes, since f^iz) is holomorphic outside F and vanishes at infinity. 
Hence 


io{z) = 


2m J t — z 

L 


1 f fm ^ 

2m j t — z 


+ 


1 {’ Gi(t)dt 

2m j t — z 


+ ... + 


1 fG„(i)dt 
2m J t — z 


L 


2m J t — z 

L 


dt. 
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But all the integrals on the right-hand side containing Gi{t), 

Gn{t), G^{t) vanish, since these functions are holomorphic in S+ and the 
point z lies in 5~. Hence 



f{t)dt 

J—z’ 


L 

and so (70.3') follows. 


§ 71. On Cauchy integrals, taken along infinite straight linek 

Hitherto consideration has been restricted to integrals taken alonp 
finite lines. There is no difficulty in extending the definition of Cauchj 
integrals to the case where the line of integration goes to infinity; it isi 
only necessary to study the question of convergence of such integrals' 
with infinite integration limits. 

In the sequel only those cases of infinite lines of integration will be 
considered which are straight lines. Without affecting generality it can 
be assumed that the line of integration is the real axis. This case will be 
considered below in detail. 

Thus let L be the real axis and consider the Cauchy type integral 


1 fmdt 

2niJ t — z 2T:iJ t — z * 

L --00 

in the present case Hs a real variable, which assumes all real values, and 
/(/) is a function (in general complex) of the real variable t\ 

/(O — /iW "b */2(0> 

where /i(/) and ^(0 are real functions. Unless stated otherwise, it will always 
be assumed that /(/) is finite and integrable in the ordinary sense on every 
finite segment of the straight line L. 

For the present let it be assumed that z does not lie on L. The integral 
(71.1) will converge uniformly, if, for sufficiently large | < |, the inequality 

l/WK-j^ <71.2) 

holds, where B and fi are positive constants. (This condition is, of course, 
sufficient, but not necessary.) In fact, in this case the integrand is of 
order | / p*"** for large | i | and the above statement follows from a 
known convergence criterion for integrals with infinite limits. 
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However, in the sequel the more general case will occur where f[t) 
as I ^ I oo, the limit c being the same for ^ + oo and for / — oo. 

This limit will be denoted by i{oo). It will now be assumed that for suf- 
ficiently large 1 1 i 

m = c + 0 /(oo) + 0 (X > 0. (71.3) 

Then (71.1) will diverge, i.e.. 


N" 





will not tend to a limit as N' and N" tend independently of one another 
to — oo and + oo respectively. In fact, 


.V" 

nm 

J t — z 

S' 


N" 


N" 



t — 2 


dt ^ el- 


s' 


S' 



Elementary reasoning shows that 

I ± aj + log ^-r . W 

V' 


where a (0 < a < tt) denotes the angle between the straight lines con- 
necting ;r with N' and N" 

(Fig. 32) and r\ r" the 
distances of z from N', 

N'\ The (+) sign refers 
to the case when z lies in 
the upper half-plane and 
the ( — ) sign to the case 
when z lies in the lower 
half-plane. 

If N' and iV" tend (in- 
dependently of one an- Fig. 32. 

other) to — oo and +oo 

respectively, a tends to 7 t, but log does not have a limit. Hence the 
preceding integral does not tend to a limit and the same may be said 

r . 18 

Theory of Elasticity 
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with respect to the left-hand side of (a), because the first integral on 
the right-hand side converges on the basis of (7 1 .3) . However, if N' and N" 
do not increase independently of each other, but if it is assumed that at 
all times N' = — A’", then log r"/r' tends to 0 and 

-fA" T-oo 




-.V 


The expression on the left-hand side is called the Cauchy principal value 
of the integral \ 



or 



L 


taken between infinite integration limits. In future, when using integrals 
with infinite limits, their principal values will he understood whenever these 
integrals do not exist in the ordinary sense. 

It has been seen that, provided (71.3) is satisfied, the principal value 
exists and 


- 1-00 

1 [ML 

2Kij t — z 

- oo 


L r/w-./M 

Irci J t — z 


dt ± 


(71.5) 


where on the left-hand side the principal value must be taken, while 
the integral on the right-hand side exists in the ordinary sense; the 
signs (-f) or ( — ) must be chosen according to whether z is in the upper 
or in the lower half-plane. (Note that for the definition of the principal 
value it is not necessary to assume N' — — A7", but it will be sufficient 
if limA^'/AT" = — 1.) 

Thus the term “principal value” will be used in two different, but 
analogous .senses: when the integrand becomes infinite at some point 
(as in the preceding sections) or when the integration limits are infinite. 

Next suppose that the point z — tg lies on the path of integration, 
i.e., on the real axis L. Then the integral 


/ 


f{t)dt 

t 


L 


[mdt 


must be taken as principal value in both the senses stated above, i.e., 
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its value will be defined as 


■ im 
i-K 


^1)— c 


N 


lim 

iV-^oo 

E->0 



fm f fm\ 

t — to J — 


ti) ^ e 


if that limit exists. 

It is easily seen that 


/ 


dt 

t 


= 0 . 


(71.6) 


ip) 


The principal value (71.6) will clearly exist, if(71.3) is fulfilled and if f{t) 
satisfies the H condition near /<,. It follows from {b) that the principal 
value of (71.6) may then be expressed by either of the following formulae: 


or 


' jm 

t -- If, 


_ i'm-jioo) 

' J i~io 


(71.6') 


/ . I m -m 

I I i — t. 


(71.6") 


where the principal values on the right-hand sides may be understood 
only in one of the senses indicated above; in the first case, it will be the 
limit 


lim 

£->0 


{./ 


'm-iioo) 


dt 


j 


m-fioo) 

' t — L 


dt\ 


since both integrals in the curly brackets converge; in the second, it 
will be the limit of the ordinary integral 

H S 


lim / 

N-^oo 

—N 


m-m 


t—k 


dt, 


since the integrand is now integrable in the ordinary sense. 

Let f{t) satisfy (71.3) and, of course, the conditions of integrability 
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and finiteness imposed at the beginning of this section. Then F{z), 
defined by 

-(-CO 


F{z)^ 


1 nm 

2ni J i — z 


1 n m 

2Tzi J t — z * 


(71.7) 


will, obviously, be holomorphic in the upper as well as in the lower half- 
plane (but, generally speaking, not on L). Denote these half-planes hy 
S+ and S“ respectively; the boundary L will not be included with 
either of these regions. The Plemelj formulae and the theorems on th^ 
boundary values stated in § 68 are extended without difficulty to th^ 
present case. \ 

In fact, if Iq is a point on L (lying at a finite distance from the origin)^ 
and if /(/) satisfies the H condition near this point. 




+ M.l t 


■ i{t)di 
L 


(71.8) 


F-(g - 



(71.9) 


F+(/o) and F~{Q denote here the limiting values of F{z) as z -->■ along 
any path on the left and right of L respectively, i.e., in or S '. Further, 
if f{t) satisfies the H condition on some segment of L, F^ (Q and F"(io) 
satisfy the H condition there, except possibly near the ends of the 
segment. The .statements in the Notes at the end of § 68 will also remain 
true in the present case. 

In order to verify the correctness of (7 1 .8) and (7 1 .9) and of the sub- 
sequent statements, it is sufficient, for example, to represent the integral 
(71.7) in the form (71.5) and to divide the integral on the right-hand side 
into two integrals; the one to be taken over a finite segment, containing 
tf), the other over the remaining part of the straight line. 

Hitherto, when speaking of the behaviour of the function F{z) near 
a point of the boundary L and of its boundary values, points in the finite 
part of the plane have always been implied. In order to study the behaviour 
and the boundary values of F (z) near the point at infinity (which in the pres- 
ent case lies on L), one may, for example, proceed in the following 
manner. 
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Introduce the coordinate transformation 

2=-—-^ (71.10) 

then the point ^ = 0 of the ^ plane corresponds to the point z — oo 
of the z plane and vice versa; the real axis of the z plane becomes the 
real axis of the X, plane and upper and lower half-planes correspond to 
one another ; w'hen the point z = i travels along the real axis in the positive 
direction from t ~ — cxd to / — -f- oo, the corresponding point 

(71.10') 

of the ^ plane also travels along the real axis in the positive direction as 
follows: from a 0 to c = -f- oo, from c=— ooto<T = 0 (since the 
points a — — oo and ti - H oo represent the same point 1^ — oo of the 
^ plane). 

Introducing the transformation (71.10) in (71.7), changing the inte- 
gration variable in accordance with (71.1 O') and introducing the notation 

F(^) = f(-- ’ ) = /(/)^/(_A^^-/», (71.11) 

one finds 


or 


F{z) ^ F*{K) - 



■ f*{a)cl<7 

V((T-i:) 


(71.12) 


F{z) ^ F*(Q = 


f*{a)d(7 




(71.13) 


all these integrals must be taken as Cauchy principal values. Obviously 
these w'ill exist, if, as it has been assumed, f(i) satisfies the H condition 
for all finite t and the condition (71.3) for large | ^ |. The second integral 
on the right hand side of (71 .13) is constant, and hence the study of the 
function F{z) near z oo is reduced to that of the integral 

-f OO 


1 /7*(g)<^g 

27rJ ./ a — K 


(71.13') 


near ^ = 0, i.e., to a problem discussed earlier. 
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In general, the study of the integral (71.1) may be reduced to that of an integral 
of the same form taken over a finite closed line, e.g., a circle. For this purpose it is 
sufficient, for example, to introduce the transformation 


Then the real axis L of the z plane becomes the circle / of the ^ plane which is 
tangential to the real axis and passes through the point t; ~ — i, and the integral 
(71.1) takes the form i 


1 I f*(a)dG 1 j'f*{o)da 

2ni J a — ^ 27r2 J a \- i 

I I 

where 


/*(«) 



Note that (A) transforms the half- plane 5^' on to the region bounded by the 
circle 1. 


In order to utilize immediately the earlier results, impose on /(/) 
the condition that f^{a) is to satisfy the condition near a 0, i.e., that 

1 /*(<r2) — 1 < I <72 — Cfl r> 0 < li < 1. 

This leads for /(<) to the condition 

^ 0<|x< 1 (71.14) 

for sufficiently large \ti\, (71.14) will be called the H condition for 

the neighbourhood of the point at infinity. Note that (71.3) is obviously 
a consequence of (71.14) for the neighbourhood of the point at infinity, 
but that the converse statement is not true. (71.3) may be called the 
H condition for the point z — oo (but not for its neighbourhood). 

Assuming that f{t) satisfies the H condition in the neighbourhood of 
the point at infinity, i.e., the condition (71.14), it will now be shown that 
the boundary values of F{z) exist when z tends to infinity along any 
path which remains in either the upper or lower half-plane. These 
boundary values will be denoted by F+(oo) and F"(oo) respectively 
and (71.13) will be used to prove their existence and to calculate their 
values. 

If z oo, remaining in the upper or lower half-plane, then C -> 0, 
also remaining in the upper or lower half-plane. Hence, applying (71.8) 
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to the fkst integral on the right-hand side of (71.13), one obtains 


rw 

F+(oo) = F*+(0) = y*{0) + .1, [ 

2m J a 


rw 

2m J a 


and the first of the following formulae is deduced: 

F^oo) ^ i/(oo), F~{oo) - — i/(oo); (71.15) 

the second formula may be proved in an analogous manner. 

The following property of the integral F{z), as defined by (71.7), 
will now be noted. Suppose that not only f{t) but also the product tf{t) 
satisfies the H condition near the point at infinity. 

It is easily seen that, if tf(t) satisfies the H condition near the point at infinity, 
then also f(t) satisfies that condition; in addition, obviously /(oo) =: 0, so that, 
by (71.15), F^(oo) ^ F~(oo) 0. 

Under these conditions the product zF(z) tends to a definite limit as 
z oo along any path remaining in the upper or lower half-plane. In 
fact, putting 

tm = fs)> (71-16) 

one has 

-I oo f oo -f-oo 

PM- ‘ 1 L 

^ ' 2niJ f — z 2m j t ’ 

whence, by (71.15), 

lim [zF(z)] = ± |/,(oo) - j = ± J 

-OO 

where the upper or lower sign must be chosen according to whether z 
remains in the upper or lower half-plane. 

This formula may also be written 

^(z) = ” -1- half-plane, (71.18) 

where ^ is a constant (which may have different values in the different 
half-planes) and o(l/") indicates, as always, that z.o[\lz) tends to zero 
as I z I grows beyond ail bounds. 
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Similarly, it may be shown that, if in addition to tf{t) also the product 

(71.19) 

satisfies the H condition in the neighbourhood of the point at infinity, 
then 

F'{z) = ^ ® (~ 2 ~) half-plane, (71.20) 

where /I is the same constant as in (71.18). In fact, integrating by part|, 
one obtains 

F'(z\ = -L (J^L = . i . (I'M. ' 

2Tzij (t — r)^ 2Tzi ] t — z’ 


whence, noting that 


1 F 

1 t 

t — z ~ z^{t — z)~ 

z z^ * 

one easily deduces 

}■ OO 

2m J i — z 

-J- 


- -oo — oo 


Letting 2 : oo, one finds by (71.15) 

f 00 

lim [ 22 F'( 2 )] = ± lUipo) - I tnt)dt. 

z-*- OO jiiTZt J 

and it is easily verified that the right-hand side agrees with the right- 
hand side of (7 1 . 17), taken with the opposite signs. [U.sing the substitution 
t = — 1/cr, it is seen that / 2 (oo) = — /i(oo).] 

It is just as easily shown that, if in addition to (71.16) and (71.19) the 
following relation also holds true: 

(71.21) 

where / 3 (/) satisfies the H condition in the neighbourhood of the point at 
infinity, then 

F"W = ^-+»(-^t). 

where A is the same constant as before. 
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The generalization of the above work to any order derivatives is 
obvious ; however, only derivatives up to and including the second order 
will be encountered in subsequent chapters. 


§ 72. On Cauchy integrals, taken over infinite straight lines 
(continued). A number of formulae, analogous to those of § 70, may 
be deduced, in order to simplify the calculation of Cauchy integrals, taken 
over an infinite straight line L. Consideration will be limited here to the 
simplest of these formulae which may easily be generalized by the 
reader. 


1°. Let j(z) be a function, holomorphic in and continuous in 
5+ -f L including the point at infinity, and let /(oo) = a. Then 


1 

27tf 



\a for 


in 5+, 


(72.1) 


I f(t)dl ^ ^ ^ (72.2) 

— z 

2°. Let i{z) be a function, holomorphic in 5“ and continuous in 
S- L including the point at infinity, and let /(oo) — a. Then 


1 1{t)dt 

2Tzi J f 


= la 


for z in 5+, (72.1') 


L / = — f(z) + ia for z in b'“. (72.2') 

iTziJ t — z 


The condition that /(z) is continuous in 5+ + L [or in S +1.] and 
at z — oo may be expressed as follows: 

f(z)=f(cx>)+o{l)—a+o(\) for z-^oo in 5++Z. [or in S-+L]. (72.3) 

(The notation a(l) denotes a quantity which tends uniformly to zero 
as |z|->oo: cf. §65, 4°). 

The formulae (72.1) and (72.2') may be called Cauchy formulae for 

the regions S+ and S~ respectively. 

Formula (72.1) wiU now be proved. Draw about the origin as centre a 
circle with sufficiently large radius R, so that the point z lies inside. 
Consider the contour T, consisting of the segment AB oi the real axis 
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contained in the circle and of the semi-circle, lying in S+: select the 
positive direction on F in such a way that .45 is in the direction Ox. 
Since, by supposition, the point z is inside F, one has by Cauchy's formula 

ft,) = _L [Mi fM. 

2TdJ t — z 2m J t — z 2m J i — z ’ 

r r 

where y is the semi-circle, forming part of the path of integration. , 

The second integral on the right-hand side tends, thanks to (72.|5), 

to the limit \ 

w , _ ' 

a. —, — ha as it -> oo; 

2m 

the first term then tends to a definite limit, as if? ->• oo, and this limii 
is given by f{z) — But 


lim -- . 
7 j->oo 2m,' 

Alt 


t — z 


: lim 


I j' lm 

2m j t — z 

R 


is also, by definition, the principal value of the integral 

2m J t — z ' 


and so (72.1) is proved. Note that also the existence of the principal 
value of the preceding integral has been proved by this argument ; this 
was not obvious beforehand, since in the present case /(i) is subject 
to the condition: /(/)== fl + o(l), and not to the condition: /(i) — 
=a 0(1 / 1"**) under which the existence of the principal value had 
been proved earlier. 

The other formulae of this section can be proved in an analogous 
manner. 



Chapter 13 


BOUNDARY VALUES OF HOLOMORPHIC FUNCTIONS 

§ 73. Some general propositions. Let I be a simple contour, 

and S~ the finite and infinite parts of the plane, bounded by L ; let the 
positive direction on L be such that S'* remains on the left. The contour 
L will not be included in S ' or S~. Further, let 

m = /.(<) + i/«w 

be a continuous function given on L. 

Consider the question as to whether f(t) can be the boundary value of 
some function F{z) U(x,y) iV{x,y), holomorphic in S+, where 
reference hero is, of course, to boundary values a.s z from S^. 

It is easily seen that, in general, this cannot be the case, if the con- 
tinuous function f{t) is otherwise arbitrary. In fact, it is known that it is 
sufficient to give the boundary value /,(/) on L of a function U{x, y), 
harmonic in S'-, in order to completely determine this function; but 
then also its conjugate function V{x,y) will be completely determined, 
neglecting an arbitrary constant term, and hence also the boundary 
value f^{t) of this function, if indeed it exists. Clearly the roles played 
by /i(/) and ii{t) may be interchanged. 

The problem of determining a harmonic function from its twundary values 
represents the well-known Dirichlet problem. Also note that it does not follow from 
the existence of the boundary value of U(x, y) that those of its conjugate function 
V[x,y) exist. 

It follows from the above that only one of the two real functioris 
/i(f), / 2 (f) may be given arbitrarUy, if the function /(<) = /i(f) + ih{t) is 
required to be the boundary value of some function, holomorphic in 
S"'-. Hence it will be of great interest to find the necessary and sufficient 
condition that a continuous function f{t), given on L, represents the 
boundary value of some function F{z), holomorphic in an analogous 
question wiU arise with regard to the region S-. The following theorems 
answer these questions: 
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I. A necessary and sufficient condition for a continuous function 
f{t), given on L, to be the boundary value of some function, holomorphic 
in S+, is 


_L [Mil 

2ni J t — z 

L 


= 0 for all z in S~, 


(73.1) 


II. A necessary and sufficient condition for a continuous function 
f{t), given on L, to be the boundary value of some function, holomorphic 
in S~ [including the point at infinity), is ^ 

, / _ a foY all z in S-^, (73.^) 

2tzi J t — z \ 

\ 


where a is some constant which is equal to the value of the above-men- 
tioned holomorphic function at infinity. 

These propositions are almost obvious on the basis of the results 
of the preceding sections. In fact, if /{/) is the boundary value of some 
function holomorphic in S^, condition (73.1) holds true by (70.2); 
hence (73.1) is necessary. It is also sufficient, for, assuming it to be 
fulfilled, one may write 


F(z) 


27zi J t — z 


(73.3) 


L 


Taking into consideration that F[z) 0 for jsr in S~, and hence F-[t^ 0 

on L, one obtains from (68.4) and Note 2 of § 68 that 

= /(g, 

i.e., if (73.1) is satisfied, /(/) represents the boundary value F*{t) of the 
function F{z), defined by (73.3). 

The second theorem may be proved in an analogous manner. If f{t) 
is the boundary value of a function, holomorphic in S~, (73.2) is neces- 
sary by (70.2') ; it is also sufficient, since, if it is satisfied, the function 

L 

is holomorphic in S~ and takes the boundSiry value F~(g = /(g; 
the last conclusion follows from (73.2), (68.4) and from Note 2 of § 68. 

Hitherto it has been assumed that the function f{t) is only continuous. 
If, in addition, it is assumed that it satisfies on L the H condition (§ 65), 
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then (73. 1 ) and (73.2) may be given a new form which is in many respects 
very convenient. In fact, denoting by some point of L and performing 
in (73. 1 ) and (73.2) the limiting process z ->1^ from S+ and 5" respectively, 
one obtains, on the basis of the Plemelj formulae (§ 68), 


a/(^o) + 



T—U 


(73. r) 


and 


im 4 - 


27zi J 


f[t)dt 
~i — L 


— a 


(73.2') 


respectively (for all on L). These conditions are equivalent to the con- 
ditions (73.1) and (73.2). In fact, (73.1') expresses that the boundary 
value of the function 



h 


holomorphic in S~, is zero along the entire boundary T of 5“; hence, 
applying Cauchy’s formula to S~ or from §37, 2°, f\z) — 0 throughout 
S~, which is the condition (73.1). Similar reasoning applies to (73.2) and 
(73.2'). The conditions (73.1') and (73.2') were stated by J. Plemelj [1]. 

So far it has been assumed that L is a simple contour. Consider now 
the case when L is an infinite straight line and let the real axis represent 
this line. As in § 71, let 5+ and 5" represent the upper and the lower 
half-planes respectively. The following theorems are easily proved in a 
manner analogous to that used in the preceding proofs. 

Let f{t) be a function, continuous on L, for which for large 1 1 1 

t{t) = a -f 0(1 f r") = /(oo) -h 0(1 1 r'^), (73.5) 

where a and (x are constants and (x > 0. 1 hen 

III. A necessary and sufficient condition for the function fit) to he 
the boundary value of a function, holomorphic in S'^ and continuous in 
-f- 1, {including the point z = oo), is 

J _ ( for all z in S-. (73.6) 

27rt J t — z 


IV. A necessary and sufficient condition for the function f(t) to be 
the boundary value of a function, holomorphic in S~ and continuous in 
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= for all z in S+. 


(73.7) 


S~ + L {including the point z == oo), is 

_ L flML 

2m J t — z 

A 

If, in addition, /(/) .satisfies on L, including the point at infinity [cf. 
(71.14)], the H condition, (73.6) and (73.7) may be replaced by 

J(t)dt 

t /q 

and 


j/w + 


■ . i 

m J 


2ni 
1 


A 

respectively, where can be any point of L. 

The proofs of these theorems will be left to the reader. 



§ 74. Generalization. The formulae and th('ort ms of the preceding 
section, referring to the case of regions bounded by one simple contour, 
can immediately be extended to the case when the boundary consists 
of several such contours. 

It is easily seen that the conditions (73.1), (73.2), (73.1') and (73.2') 
remain valid, if 5+ is a connected finite region bounded by .simple con- 
tours Li, L 2 .... Z-m+i which do not intersect each other and the last 
of which surrounds all the others, if L is the union of these contours and, 
finally, if 5~ is the part of the plane which is the complement of the 
region S+ -f- L with regard to the entire plane. Thus the region S“ con- 
sists of the finite regions Sj, S 2 , . . ., bounded by Lj, L^, . . ., 
respectively, and of the infinite region Sj, consisting of the points 
outside Z-m+i- The function F{z), holomorphic in S~, must then be con- 
ceived as the union of the functions, holomorphic in Sj, Sj, . . ., S“ 41 - 


§ 75. Harnack’s theorem. A theorem which is frequently used and 
which is due to A. Harnack [1] follows almost immediately from the 
results of the preceding sections. 

Let L be a simple contour and let 5+, S~ be the finite and infinite parts 
into which the plane is divided by L (which does not itself belong to S+ or 
S~). Let f{t) be a real and continuous function on L. Then, if 

L f ]ML = 0 for all 0 in 5 +, 

2m J t — z 

A 


(75.1) 
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f(t) — 0 everywhere on L. Also, if 


27Ci ./ t — z 


— 0 for all z in S“, 


(75.2) 


f(t) = const, on L. 

In fact, it follows from (75.1), on the basis of the results of § 73, that 
f{t) is the boundary value of .some function F{z) = U{x,y) + iV(x,y), 
holomorphic in S~, i.e., j{t) — U~ + iV~. But .since f{l) is a real function, 
the boundary value V~ of the function V{x, y), harmonic in S~, is zero 
everywhere on L. Hence V {x, y) -■ 0 ever 5 rwhere in S~. Therefore U = C — 
= const, in S~, and hence f{t) — U~ — C on L. Sub.stituting this value 
in (75.1) and noting that 



L 


it is verified that C — 0. 

It may be shown in the same manner that it follows from (75.2) that 
f{l) ZT-: C ~ const. ; however, in this case it is impossible to conclude that 
C' ” 0, since, substituting f{t) =-- C in (75.2), one obtains the identity 
0 = 0. 

Thus the theorem is proved. It will be left to the reader to generalize 
it to the case of the regions considered in § 74. In that case it follows 

from (75.1) that f{t) = on (k = 1,2 m), f{t) = 0 on 

and from (75.2) that /(/) = (■ on L, where C , Cj, C 2 , . • • . are constants. 

It is also easy to formulate a theorem, analogous to the preceding one, 
for the case when L is an infinite straight line. 


NOTE. 1. The following conclusion follows directly from Hamack’s 
theorem (having in mind the case when X is a simple contour). 

Let /i(/), /2(0 be two real continuous functions, given on L. Then, if 

._L f h&i = -L f - for all 2 in 5+, (75.3) 

27 c ?: J t — z 2ni J t — z 

L 

fi(t) — f^it) on L ; also, if 

i f L (bm for all * in S- 

2m J t — z 2m j t — z 
1 . 


(75.4) 
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fi{f) = /i(0 + const, on L. This result is verified by applying Hamack’s 
theorem to the function f^{t) — /^(i). 


NOTE. 2. It is not difficult to show that the preceding theorem 
remains true, if it is not assumed that f{t) is continuous, but if it is allowed 
to have a finite number of first order discontinuities. This case will not 
be considered further here and it will only be noted that the theorem, if 
properly formulated, will hold for much more general conditions. | 


§ 76. Some special formulae for the circle and the half-plane. 

When £ is a circle or a straight line, the formulae of § 75 may be givep 
a form which is convenient for future applications. \ 

1°. First some special notation will be introduced. Let 

F{z) — U{x, y) + iV{x, y) (76.1) 

be a function of the complex variable z, defined in some region of the 

plane z. Then F{z) [where the bar only 
extends over F] is to denote the function, 
having the conjugate complex value of 
F(z) at the point z, which results from a 
reflection of the point z in the real axis, i.e., 
which is .simply the conjugate complex 
value of z (Fig. 33). 

Thus, by definition, 

F{z) = W) (76.2) 

or 

F{z) = U{x. - y) - iV{x, - y). (76.2') 

Fig. 33. For example, if F{z) is a polynomial 

F{z) = + a^z”-^ (76.3) 

then obviously by (76.2) 

F{z) = dgZ” -h + ... -F d„, (76.3') 

i.e., F{z) is obtained from F{z) by replacing the coefficients by their 
conjugate complex values. Similarly, if F{z) is a rational function 



F(z) 


floZ" 4- -f . . , 4- a„ 

V" + + ... + b„ 


(76.4) 
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then 


F{z) = + • 


+ 


(76.4') 


V” + + . . . + 

It is easily seen that, if F{z) is holomorphic in some region S, F{z) 
is holomorphic in the region S, obtained from S by reflection in the real 
axis (cf. Fig. 33). 

In fact, putting 

F(^) = Ui(x, y) -f iV^{x, y), 

one has by (76.2') 

LT.ix. y) U{x, — y), V\{x, y) ^ — V(x. — y). 


Hence, if U{x, y), V(x, y) satisfy the Cauchy — Riemann conditions 

dU dV dU __ dV 
dx cy ' dy dx 

in 5, then U^ix, y), V^(x, y) will satisfy the Cauchy — Kiemann conditions 

i^X iy ' Vy dx 

in the region S. 

If the function F{z) is holomorphic in S, except at certain points where 
it has poles, the function F(z) will have the same properties in S and 
its jxjles will be at points obtained from the poles of the function F{z) 

by reflection in the real axis. 

Note also that the function F(z), conjugate complex to F{z), may be 
represented as 

F^)^F(z)-. (76.5) 

this follows from (76.2) by replacing z by z. 

Now suppose that the function F(z) is defined in one of the half- 
planes 5+, S- into which the z plancjs divided by the real axis, say, 
in the region S'^. Then the function F{z) will be defined in the region 
S~. h'urther, if the boundary value F'*‘(/) exists, where t is some point of 
the real axis, it follows immediately from (76.2) that also the boundary 

value F~(t) exists and that 

=== F^l) (76.6) 

(since, if in (76.2) z -> t from S-.l from S+). 

Obviously the roles played by S+ and S~ may be interchanged, in 

that case one will have 

FHi) = F-{t). (76.6') 


Theory of Elasticity 


19 
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2°. Let Y be the unit circle with centre at the origin of the plane 
of the complex variable the points of y will be denoted by a so that 

c = 0 < a- < 2Tt. (76.7) 

Denote by and 2“ the regions |CI < 1 and |C| > 1 respectively and 
choose the positive direction on y so that the region 2+ remains on the left. 
Let F(^) be a function, defined in 2^[or 2”]. Consider the function 
defined in 2“[or 2+] in the following manner: , 

^ (y) (76. 

or, remembering the meaning of the symbol F , 

(76.8') 

The last formula shows that F,„(^) may be defined as follows: the 

function F*(Q takes values, con- 
jugate complex to those of F(Q 
at points which are reflections 
of tlie point C in the circle y 
(Fig. 34). fit will be remembered 
(§ 48, 1°) that the reflection of 
tlie point ^ in the circle y is the 
point — 1/^, becau.se in the 
present case the radius of tlie 
circle is unity.] 

It is easily seen that, if 7’'(Q 
is holomorphic in 2"* [or 2"], the 
function is holomorphic in 

2~[or 2+], and vice versa. For 
example, if F(Q is holomorphic 
in 2+, it may be represented by the series 

F(g = «„-[- + a.p + . . (76.9) 

which is absolutely convergent in 2"^, i.e., for the function 

F*(Q will then be represented by the series 

+ (76.9') 

absolutely convergent in 2", i.e., for | ^ >1. 
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Now suppose that F{X,), defined in S+, has the boundary value F+{a) 
for C->c, where a is a point on y. Then it is easily seen from (76.8') that 
also the function F*(l^) has the boundary value F*(<), defined in S~, and 

F;((t) = F+((t). (76.10) 

because, if in (76.8') -> c on y remaining in S”, then Z,' — 1 /Z tends to 

1/5 == «7 remaining in Clearly the roles of S+ and may be inter- 
changed; instead of (76.10) one will then have 


Fi{c)^^F {a). 


(76.11) 


3°. Using the fact that every function, holomorphic in [or S~]. 
corresponds to a function F(l/Q, holomorphic in S" [or E+], one may, 
in the case of circular boundaries, modify the formulation of the pro- 
positions I and II of § 73 which hold in the general ca.se. In fact, the 
following theorems are easily proved: 

I. A necessary and sufficieni condition for the function f{a), continuous 
on the circle y, to be the boundary value of some function, holomorphic inside 


y, is 


1 f 

2rt/ ' a - - Z 


- d for all Z inside y. 


(76.12) 


ivherc cl is a constant whicli is equal to the value of the above-mentioned 
function at — 0. 

II. A necessary and sufficient condition for the function /(a), continuous 
on the circle y, to be the boundary value of a function, holomorphic outside 
y, is 

I j, outside y. (76.13) 

Ini ’ n — Z 


the conditions (76.12) and (76.13) follow directly from the conditions 
(73.2) and (73.1) and from the statements of the present .section. For 
example, if f(a) is to be the boundary value F+(ci) of some function F(^), 
holomorphic inside y, the fuiKtion f(<r) must be the boundary value 
F;;(c) of the function F*(^) F(l/i;), holomorphic outside y; this follows 

directly from (76.10). Hence, applying (73.2), one obtains immediately 

(76.12), where d ==• F,„(oo) — F(0) =- F(0). 

The condition (76. 13) may be proved in an analogous manner. However, 
one special point must be noted: let (76.13) be fulfilled and let it be 
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required to find the function F^), holomorphic outside y and taking 
the boundary value f{a) on y ; if one wants to use for this purpose Cauchy’s 
formula for the infinite region (§ 70, 2°), viz, 




1 

27zi 


f{a)da 
<7 — t 


+ F{oo), 


(76.14) 


one has to know F(oo). As is easily seen, this quantity is given by 

F(oo) = -V- / (76.13) 

27W \ 

Introducing (76.15) in (76.14), one may write 


F(K) = 


J f 

2izi J g{g — Q 


(76.14') 


By (70.2'), for ^ inside y, 


TT't' 


f(c)(its 

2vi J <s — 

Y 


whence, for ^ = 0, one obtains (76.15). Thus (76.15) may. obviously, be replaced by 

, if 

F(oo) = / 

2tzi J n — 1,0 
Y 

where is any point inside y. 

Note the following formulae which will be used in the sequel. Let 

<p(Q =1 ^0 + + . . . = 9(0) + C?'(0) + J -2 9'"(0) + • . • (76. 16) 


be a function, holomorphic inside and continuous up to y* Then 


1 C G^o(d)dG 

I ^ + . . . + a, (A=p, 1,2, . . .) (76.17) 

2m J a — (9 

Y 

for all ^ inside y. In fact, c* 9 (ci) is the boundary value of J^^ 9 (l/ 2 ^), holo- 
morphic outside y, except at the point = cx) near which it has the form 




^ 0 ^* + - + ^k + 0 
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and (76.17) follows immediately from (70.4'). In particular, for k = 0, 
one has for all ^ inside y 


1 

2 to 


i 


<p(a)da 

V-X 


= cp(0). 


(76.18) 


This formula is the same as (76.12), but written somewhat differently. 

4°. As before, using the fact that to every function F(z), holomorphic 
in the upper [or lower] half-plane S+ [or 5“], corresponds the function 
F{z), holomorphic in the lower [or upper] half-plane S~ [or S+], one 
deduces the following propositions from the conditions (73.7) and (73.6). 

As in § 73, let f{t) denote a function given on the real axis L, where it 
is continuous and such that for large 1 1 \ 

f(t) = a -I- 0(1 i r§ **) = /(oo) -H 0(1 1 r^), y. - const. > 0. (76.19) 

Then 

III. A necessary and sufficient condition for the function f(t) to be the 
boundary value of a function, holomorphic in S+, is 

_1 I = u for all z in S+. (76.20) 

2711 J t — z 

IV. A necessary and sufficient condition for the function f{t) to be the 
boundary value of a function, holomorphic in is 


1 r f{t)dt 

2Ki J t — z 


\d for all z in S’~. 


(76.21) 


§ 77. Simple applications : solutions of the fundamental pro- 
blems of potential theory for a circle and half-plane. As simple 
applications of the preceding results the solutions of the fundamental 
problems of the theory of the logarithmic potential will now be given 
for the cases of a circle and a half-plane. 

The first fundamental problem (Dirichlet problem) consists of determi- 
ning a function, harmonic in a region, when its boundary values are 
given. (The solution of this problem for the circular ring by use of in- 
finite series was stated at the end of § 62.) 

The second fundamental problem (Neumann problem) consists of 
determining a function, harmonic in a given region, when the boundary 
values of its normal derivative are given. 
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1°. First fundamental problem for a circle. 

For simplicity, let the radius of the circle be unity and its centre at the 
origin. As before, denote the circumference of the circle by y and its 
points by cr = e**; other points of the plane will be denoted by C Let 
the unknown harmonic function be P and its conjugate complex function 
Q. The latter function is known to be determined apart from an arbitrary 
constant, if the function P is known. Finally, put 

F(i;) = P + f(?, (77.1] 

where F(Q must be holomorphic inside y. 

By the condition of the problem, the unknown function P must take\ 
the definite boundary value P+, as ^ tends to the point o of y (from the 
inside of y), which must be equal to the real function /(u) or /(^), given 
on y; it will be assumed that the given function /(&) is continuous on y. 
Hence the boundary condition of the problem may be written 

P - m. (77.2) 

where, for simplicity, P has been written for PL 


As a matter of fact, if it is assumed that P takes (definite, finite) boundary 
values for all points on y, then the given function /(ft) must necessarily be 
assumed to be continuous; this follows from the statements in § 37, 1". 


The problem will now be restricted by assuming that not only the 
function P, but also its conjugate complex Q, and hence also the function 
F(^) take definite boundary values. (This condition is not necessary and 
has only been introduced to simplify the reasoning.) Denoting P+(ai) 
by F{a), the boundary condition (77.2) may now be written 

F{a) + F{a) = 2/(l>). (77.3) 


Multiplying (77.3) by—-. 

2m 

ing around y, one finds 


da 


where is a point inside y, and integrat- 


f F^)da \ r P(cr)_d<T _ 1 C f{^)da 

2m J a — ^ 2m j a — ^ m J a — ^ 


On the basis of Hamack’s theorem (§ 75), this condition is completely 
equivalent to the preceding one. (Cf. § 75, Note 1 .) 

By Cauchy’s theorem, the first integral on the left-hand side is equal 
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to F {^) ; by (76.18), the second integral equals 


^(O) = ao — i’Po. 

where and po are real (for the present, unknown) constants. Thus 




f 

j 


*0 "i" 


(77.5) 


There remains still to determine — fPo- For this purpose put 1^ = 0 
in (77.5) which gives 

2:t 


2ao - 

7C^ 



(77.6) 


Thus ao may be determined from this formula; the quantity Po> however, 
remains quite arVjitrary, as was to be expected, because the function 
Q, conjugate complex to P, was determined by P apart from an arbitrary 
real constant, and hence P(Q must be determined apart from an imaginary 
constant. 

Introducing the value of olq in (76.5), one finds 


F{^) 


1 f 

Tci J a — ^ 



da 

o—t ’ “ 


+ ^’Po- 


(77.7) 


This last formula is the well known Schwarz formula ; the unknown harmonic 
function P is obtained from it by separating real and imaginary parts 

1 a “4*“ ^ da 

p = 91 h\X,) = 91 m) . — (77.7') 

It has only been proved that, if the solution of the problem satisfying 
all the imposed conditions exists, it is necessarily given by this formula. 
There remains to prove that this formula actually gives the solution. 
This will be done, assuming that /(■S') satisfies the H condition. In this 
case, on the basis of the statements of § 68, the function F^), determined 
by (77.7), takes definite boundary values which satisfy (77.3); hence 
P satisfies (77.2). 
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The existence and uniqueness of the solution may be proved for much more 
general conditions (it is sufficient, if /(^) is continuous), but no space has been devoted 
to this here, since this problem is considered in any textbook on complex function 
theory or potential theory. 

It follows from the equivalence of the conditions (77.3) and (77.4) that the 
boundary values of F(Q satisfy (77.3). That F(Q satisfies (77.3) may be verified 
directly on the basis of the Plemelj formulae (68.2). In fact, denoting by Gq = 
some point on y, one has 


JF+(ao) = /(^o) H V / ■ r / t- "■ 

m J a — (Jo m J a 


- mo) + f m) + »Po. 


2m . 

Y 

Writing under the integral sign a = (Jq = one finds 
2n 


a H- Oq da 
a — Oq ® 


== /(^o) + ---- / fW cot + iPo= /(^o) 'f- an imaginary quantity, 

2m J 2 

whence ® 

91F+(ao) = mo)- 

Substituting in (77.7') 

a = da = 




one easily deduces Poisson's formula 

2tc 

1 c (1 — p2) md^ 


-hjj 


2p cos (S- — '{') + p* 


(77.8) 


0 


which solves the above problem without the use of complex variables. 


2°. The second fundamental problem for a circle. 
Let F!^ denote the same function as in 1°; it will be assumed that 
the derivative F'{^ takes the definite boundary value F'{a). 

One deduces from the equation 


2P = F{K) + F(K) = Fipe^^) + F{pe‘^) 

gp 

2 — = c^F'(pO + = — F'(l) + --- F'(Q . (77.9) 

ap p p 

The boundary condition of the problem under consideration has’ the 
form (denoting by n the outward normal) 


ap ap 


(77.10) 
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where /(S-) is a given continuous function. By (77.9) this condition may 
be written 

aF'ia) + aF'(a) = 2/(d-) on y. (77.11) 

In the same manner as in 1° one obtains 

1 aF'(a)dc 1 / aF'(a)da 1 f{%)dn 

2Tzi — a 2Tzi J a ^ ni a — t * 

where 1^ is an arbitrary point inside y ; hence, applying Cauchy’s formula 
and (76.18) and noting that (tF'(o) vanishes for c — 0, one finds 

CF'(!:) = (77.12) 

m a — Q 

This formula determines F'(^) and shows that the right-hand side must 
vanish for 2^ — 0, if the problem is to have a solution. This means that, 
in order for the problem to be possible, one must have 

2n 

’ =0 or /(&)rfa=0. ,(77.13) 


In contrast to the Dirichlet problem, the Neumann problem does not 
always have a solution, but only when (77.13) is satisfied. 

If the condition (77.13) is satisfied, the function F'(C), determined by 
(77.12), will be holomorphic also for ^ = 0. The function F{Q is deter- 
mined by integration 


m 


1 

TZt 


f dK f mda 

I YJ u— t 


-f const.. 


(77.14) 


where const, denotes an arbitrary complex constant. The value of the 
unknown function P = 9{ F(Q is thus determined apart from an ar- 
bitrary real constant. This was to be expected, because, if P is a solution 
of the Neumann problem, P -i- const, will obviously be a solution of the 
same problem. 

It is easily seen (cf. the preceding problem) that the formulae, just 
obtained, actually solve the stated boundary problem, if, for example, 
the given function /(S^) satisfies the H condition. 
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Inverting the order of integration and evaluating the inner integral 
on the right-hand side of (77.14), noting that 


n 

(.(ct — g a 


I log (o — g const., 


and using (77.13), one obtains the formula which was stated by T. Bog- 
gio [4] 

F(g - - I m log (<T - g --- -i- const. 

Tzi J a 

y 2n 

— — * //(^)log((T — giS- -j-const.; (77.15)\ 

TC ./ 1 

0 


separating real and imaginary parts gives the formula of U. Dini [1] 


P 


2 - 


/ /(&) log r const., 

TT ./ 


(77.16) 


where r —■ |(t — | and const, is an arbitrary real constant. However, in 
most applications, it is convenient to use the formulae (77. 12) and (77.14). 

3°. The first and second fundamental problems 
for the half-plane may be reduced to the corresponding problems 
for the circle by means of conformal transformation (cf. §71) or may 
be solved directly by a method, analogous to that used in the earlier 
problems for the circle. In view of the complete analogy with the above 
work, only short remarks will be made here. 

Let f{t) be a real continuous function, given on the real axis L, and let 
it be required to find P{x, y), harmonic in the upper half-plane S+ and 
taking the boundary value P+ = f{t) on L including the point at infinity, 
so that for 2 oo (in S+ L) P ->«, where a is the real constant 

a = /(oo). (77.17) 

Introducing the function of a complex variable 

F{z)^P-\-iQ, (77.18) 

holomorphic in S+, and assuming that this function has a definite boun- 
dary value F^(t) for all points of L, including the point at infinity, one 
can write down the boundary condition of the problem 

F{t) -f- F(0 - 2f{t) on L, 


(77.19) 
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where F(t) has been written instead of Let 

F{oo) = a -{■ ib, 


where a is the same as in (77.17) and b is some other real constant ; multiply 

1 dt 

both sides of (77.19) by - 7 . - where 2 is an arbitrary point of 5+, 

2n t~z 

and integrate along I: 

1 * F{t)dt 1 FiJ)dt _ 1 I f {t)dt 

2n J t — z 2n t — z n j t — 

/- 


Noting that F(t) is the boundary value of F{z) holomorphic in the upper 

half-plane, F{t) is the boundary value of F(z) holomorphic in the lower 
half-plane, F{oo) — a-\'ib and F{oo) — a — ib, and applying (72.1) 
and (72.1'), one concludes that the first integral on the left-hand side 
equals F{z) — \(a-]rib), while the second integral equals l(a~-ib). 
Hence 



j(t)dt 


- + ib, 


(77.20) 


where, as was to be expected, the quantity b remains arbitrary. 

It is easily verified that ( 77 . 20 ) solves the problem, if the function f(t), 
for example, satisfies the H condition on L (including the point at in- 
finity, cf. §71.) 

The second fundamental problem may be solved in an analogous manner. 




PART V 


APPLICATION OF CAUCHY INTEGRALS TO THE SOLUTION OF 
BOUNDARY PROBLEMS OF PLANE ELASTICITY 


As mentioned earlier, the solution of the fundamental boundary 
problems of the theory of elasticity for regions of general form presents 
great practical difficulties. However, there are certain classes of regions 
for which effective solutions may be obtained by simple means. In plane 
elasticity, one such class comprises regions which may be mapped on to 
a circle by rational functions (one particular case has already been 
encountered in § 63). At first sight this class may appear to be too restrict- 
ed ; however, as will be explained in detail in § 89, regions of this type 
may be used to approximate to any desired accuracy simply connected 
regions of arbitrary shape. 

This Part will be devoted almost entirely to the solution of boundary 
problems for regions of this kind. However, at the beginning (§79), there 
will be given the solutions of the first and second fundamental problems 
for arbitrary regions bounded by one contour, using a method closely 
connected with the method of solution for regions of the particular type 
described above. Finally, after a short introduction to other methods, 
the detailed solution of the above-mentioned problems will be given for 
the case of regions, bounded by an arbitrary number of contours (§ 102). 
This solution is due to D. I. Sherman. It will thus be seen that Cauchy 
integrals present very convenient means for the theoretical solution of 
general problems as well as for the effective deduction of practical 
results. 
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GENERAL SOLUTION OF THE FUNDAMENTAL PROBLEMS FOR 
REGIONS BOUNDED BY ONE CONTOUR 

In this chapter a general method of solution of the first and second 
fundamental problems will be studied for regions bounded by a simple 
contour (§79). These solutions follow from integral equations which, for 
their part, are obtained directly from the functional equations deduced 
in § 78. These latter equations form the foundation for the practical 
methods studied in the remaining chapters of this Part and they 
may be investigated directly without recourse to integral equations. For 
this reason § 79 may be omitted by any reader not acquainted with the 
elements of the theory of integral equations, since the understanding 
of the subsequent chapters, containing solutions of problems for par- 
ticular cases, does not require knowledge of that section. 


§ 78. Reduction of the fundamental problems to functional 
equations. 

1". Let S be a finite or infinite region of the z plane, bounded by one 
simple contour L satisfying the conditions of § 47. Let S be mapped 
on to the circle j i 1 of the plane by the function 

(78.1) 

and let the circumference of that circle be denoted by y. 

In the case of finite regions .S', it will be assumed that the point = 0 
corresponds to the point = 0, while in the case of infinite regions the 
point — 0 is to correspond to the point ; oo. Thus, for finite regions 

6)(0) - 0 (78.2) 

and for infinite regions (cf. § 47) 


(^(C) 


c 


■f a holomorphic function. 


(78.3) 


It should also be remembered that ^ 0 inside and on y (§ 47). 
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Further, it will be assumed (for the time being) that for infinite regions 
stresses as well as displacements remain bounded at infinity. This is 
equivalent (§ 36) to the supposition that both the stresses at infinity and 
the resultant vector of the external forces applied to the boundary 
vanish (conditions which must always hold true for finite regions). 

Under these conditions and with the notation of § 50, the functions 
<Pj( 2) and (J;i(2) will be holomorphic in S (including the point 2 = oo in 
the case of infinite regions, cf. § 36). Hence the functions <p(^) and (|'(5) 
will be holomorphic inside the circle | ^ | < 1 . It will be assumed that 
9 (Q, <p'(^), 4'{'?) are continuous up to the circumference y of the circle unde\ 
consideration, i.e., that these functions have definite boundary value^ 
as ^ approaches points of y along arbitrary paths; or, in other words,', 
it wUl be assumed that the solutions are regular (§ 42) and only such ' 
solutions will be studied. 

In addition, one may always assume (§41) 9j(0) — 0 for finite regions and 
<Pj(oo) = 0 for infinite regions, i.e., in both cases it may be assumed that 

<p(0) = 0. (78.4) 

In the case of the first fundamental problem for finite regions the 
imaginary part of <Pi'(0), i.e., of 

^0) 
a>'(0) ’ 

may also be fixed arbitrarily. 

2°. The boundary condition of the first fundamental problem takes 
the form (cf. § 51) 

9(a) + ^ <p'(a) + <};(<t) = /, + if, - f, (78.5) 

&)'(a) 

where a = e'^ is an arbitrary point of y and 9(0), 9'(a), (j;(a) must be 
interpreted as |»oundary values for 1^ -> cr from inside y. This condition 
may be rewritfen in conjugate complex form 

9(0) + 9'(cr) + 4 /((t) =/i — if, = /. (78.6) 

w'(ct) 

The quantity f = f^-\- if^ is defined on L by the equation (§41) 

8 

/ = /i + ifi = * j (■X'n + iYn)ds + const., (78.7) 
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where s is the arc coordinate of L and the constant may be fixed ar- 
bitrarily. This expression will be a given function of & (because s is a 
known function of %■) or of a. 

It will not only be assumed that / is single-valued and continuous, but 
also that it has a continuous derivative with respect to satisfying the 
H condition (§ 65, 3°). For this it will obviously be sufficient, if the func- 
tions X„ and y„ satisfy the H condition. 


It will be recalled that single-valuedness and continuity of / = /^ would 

be impossible, if the resultant vector (A", Y) of the external forces did not vanish, 
because in that case would undergo an increase i(X -f iY) for every 

complete circuit of L, i.e., it would not revert to its original value (cf. § 42). 


The following will now be noted. Provided has been found in one 
way or another, the function can be calculated directly from the 
boundary condition. In fact, equation- (78.6) gives the boundary value 
of which therefore is determined by 




1 

27Zt 


f 




Introducing in this formula determined by (78.6), and remem- 

bering that by (76.18) 



Y 


one obtains 

Y 

There still remains the problem of finding ^(Q. For this purpose a 
functional equation will be constructed which containi only and 
which follows directly from the boundary condition. In fact, rewriting 
(78.5) as follows; 

= f — <p'(er) («) 


Tda 


1 

2Tci 


ij to' (a) 


(p'{a)da 


(78.8) 


and denoting the right-hand side for the time being by F{a), it is seen 
that the function Fia) must itself represent the boundary value of soine 
function 4^(0, holomorphic inside y- However, it is known (cf. §76, 3 ) 

20 

Theory of Elasticity 



306 


V. SOLUTION OF BOUNDARY PROBLEMS 


§78 


that the necessary and sufficient condition for this to be true is 


1 _ f F(a)da 

2-Ki J a — 


for all ^ inside y. 


ib) 


where a is a constant, i.e. , 

a = 4/(0). (78.9) 

Substituting in {b) from the right-hand side of (a), one finds 
fda \ f w(<t) (^'{a)d(5 


-Lj 


9(0 


J r 
2m J Z7l 


or, finally. 


9(0 


o — ^ Fm J {o'((i) 

1 r ^(®) (p'{a)da 

t J f,\ * 


27zi J co'((t) a — Z, 
for all ^ inside y, where 

fda 


-f rt ^(0 


^(0 


2m J G 


In deducing (78.10) use has been made of the fact that 

1 f (p{G)dG 


2m , 


9 ( 0 - 


(78.10) 


(78.11) 


The expression (78.10) is the functional equation from which the 
function (p(Q must be determined. It will be seen in the next section that 
this equation, in combination with the condition 9(0) = 0, completely 
determines the unknown function as well as the constant a, if, in the case 
of finite regions, the imaginary part of (p'(0)/o)'(0) is fixed. In the first 
place the constat a may be allowed to remain arbitrary; it can be fixed 
later by the condition 9(0) = 0. 

Actually, if <{)(^) is some solution of (78.10) for a given value S and if <p(0) — ao9^0, 
then <p*(S) = <p(!^) — will be a solution of the same equation, provided S. is 
replaced by a a^. 

Hitherto it has been assumed that in the case of infinite regions the 
resultant vector {X, Y) of the external forces, applied to the contour L, 
and the stresses at infinity vanish. This assumption will now be relaxed. 
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In that case the functions 91(2), tj^i(2) for infinite regions have the form 
(§36) 

“ ini 

(78.12) 

, , , x(X — iY) „ ^ ' 

2K(i+Kr°^' 

where are functions, holomorphic in 5 (including the point 

2 ~ cx:>), and St F and F' are given quantities; further, the imaginary 
part of F may be fixed arbitrarily. The quantities X and Y can be cal- 
culated beforehand, since the external stresses, acting on the boundary, 
are known. 

By (78.3) these formulae may be written 

.Y 4 jY , ^ Fc 

^ ’ 27w(1 ' ^ 

where 9o(^)> 't'o(^) functions, holomorphic inside and continuous up 
to y. [Cf. (50.14) and (50.15), where it should not be forgotten that the 
region 5 has there been mapped on to the region outside the circle, while 
here it has been mapped on to the inside of y.] 

In the .sequel, when solving the first fundamental problem, it will 
always be assumed that the imaginary part of F is zero, so that F = F, 
i.e., it will be assumed that there is no rotation at infinity. 

Substituting (78.13) in (78.5), it is seen that «Po(Q. '{'o(^) must satisfy 
the same condition (78.5) as the functions cp(Q, (j;(C), with the only dif- 
ference that / has now' to be replaced by /(,, where 

. , X-hiY , rc <^{a)iX — iY 1 rc\ 

“ 272(1-1- x) to)'(<j) ^27t(l -f x) ■ ff 


or, noting that a — 1 /er. 


+ -^J^ + *^bog^ 

^ 272(1 -fx) ® 


X + iY , 


^ Fcc 4 — F'cc. (78.14) 

1272(1 4- Jt) ' 


o co'(ff) ^272(1 -fjt) 
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In this expression may be written instead of log a. It is easily seen 
that /o will be a single-valued, continuous function on y the derivative 
of which with respect to satisfies the H condition, provided the given 
functions and Y„ satisfy (as it has been assumed) that condition. 
The single-valuedness of /(, follows from the fact that / increa.ses by 
IX -f- iY) log a 

i{X + iY) and — increases by the same quantity lor every 

271 

complete circuit of y (in anti-clockwise direction which corresponds toj 
a clockwise circuit of L, leaving the infinite region S on the left). 

Thus cpo(?[) and will be found from the same condition as <p(Q 
and 4'(0- Hence the more general case can always be reduced to that 
considered earlier. 


3°. Next the second fundamental problem will be investigated. In 
this case the boundary condition has the form (§51) 

x(p(a) — 9 '(ct) «{;(ff) ^ 2[x(gi -f /ga) == 2[ig. (78.15) 

<0 (a) 

where gj, gg are the known boundary values of the displacements u, v. 

The almost complete analogy with the first fundamental problem is 
easily seen. Assuming at first that (in the ca.se of infinite regions) 

x = y = 0, r = r' = 0. 


i.e., that (p(i^) and 4^(0 are holomorphic, and proceeding as in the case of 
the first fundamental problem, one obtains the equation (analogous, to 
78.10) 



(p’{G)dc 

G-X 


d^B{Q 


(78.16) 


for all ^ inside y, where 




2 (i f 
27It J G — 


(78.17) 


is a known function and a is the .same constant as before. 

Equation (78.16) is the functional equation which, in combination 
with the condition 9(0) = 0, completely determines the function 9(1^) 
as well as the constant a; this moU be proved in the next section. The 
remarks made earlier with regard to the determination of a will again 
be valid. 



CHAP. 14 


GENERAL SOLUTION 


309 


After the function cp{Q has been found, the function 4'(Q may be 
determined from the formula 






1 j (o(ff) (f'{(s)da 

2m J <o'(<7) ’ (T — C 


(78.18) 


I he case when X, Y, F, F' are not zero, but have arbitrarily fixed 
values (referring, of course, to the case of infinite regions) may be re- 
duced to the preceding one in the same way as this was done for the 
first fundamental problem. 

4°. The functional equation for 9(1^) for the case of the mixed fun- 
damental problem, when the external forces are given for one part and 
the displacements for the remaining part of the boundary, may be 
constructed in an analogous manner. In this case the equation becomes 
somewhat more complicated and no consideration will be given to it 
here (cf. also end of § 79). 


§ 79. Reduction to Fredholm equations. Existence theorems. 

The proofs of the existence theorems, given in this section, have been taken, 
v'lthout essential changes from the Author’s paper [11], However, several simpli- 
fications and corrections of two elementary, but annoying blunders in the Author’s 
reasoning in that paper have been introduced here. One of these had been 
kindly brought to the Author’s notice by S. G. Mikhlin and the correction was 
already included in the first edition of this book. The other, despite its obvious 
and elementary nature (or rather because of it), remained unnoticed and was only 
di.scovered by the Author himself, while preparing the present edition. A short 
account of these prixifs was also ghen in the Author's papers [9, 10]. 

The functional equation.s (78.10) and (78.16) represent a somewhat 
unusual type of integral equations which arc, however, easily reduced 
to ordinary Fredholm equations of the second kind. 

In the case of infinite regions, it will again be assumed that 

X - y r = r' = o, 

since the problems can always be reduced to this case (cf. § 78). 

A beginning will be made with the first fundamental problem. In order 
to reduce (78.10) to a Fredholm equation, it will be rewritten 

9(0 -I- - + A<o(0 + « = AiK). (79.1) 

2m J to»(a-0 
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where 



(79.2) 


it is easily seen, on the basis of (76.18), that the left-hand side of (79.1) 
is identical to the left-hand side of (78.10). In the case of infinite regions 
o)'(O) = oo and hence ^ = 0. 

Differentiating (79.1) with respect to I^, one obtains | 


<p'ra + 


hi 


0 r 

2ni / 0t^ t <T 




(o) 


(79.3) 


whence, letting Z tend to an arbitrary point CTq of y, one finds 


.. A'i.,). (79.4) 

27zt J ccFq I a cTq J co (ct) 


It is readily seen that this transition to the limit is completely justified 
under the conditions po.stulated earlier for the function / and the contour 
L. In fact, it has been assumed that / has a first derivative satisfying the 
H condition. Therefore 44'(Q will be a function, continuous inside and 
up to y; the function in (79.4) denotes the boundary value of 

A%). 

Further, the conditions assumed with regard to L ensure the con- 
tinuity of <o(l^), a>'(^), <»)"(C) up to y, with the exclusion of the point == 0 
in the case of infinite regions, and also that to'(l^) 0; hence it follows 

that the function 


K{K, er) = 


1 d (o(o) 
to'((T) ® 




to(q)- co( ;;)-(g-;:)(o-(q 


(79.5) 


is continuous for all values of a and X, inside and on y,* except for o = 0, 
= 0 in the case of infinite regions. 


In fact, by Taylor’s formula with the remainder term in the form of a definite 
integral, one has 

or 

c^(c) — (<7 — Q = / o>"(0 (o — (}di, 

where the integral may be taken along the segment of the straight line connecting 
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a and Putting / = o — X(<j — j;), one obtains 

1 

w(o) — w(!:) — (o — C) = (o ~ O'* j 0)"Lo — \{a — ^)]X(iX, 

0 

and so the continuity of /v(C <j) is proved. 

Finally, by supposition (cf. § 78), the functions ^'(O. '|'(0 are 
continuous up to the boundary. 

The equation (79,4) may also be deduced from the equations obtained 
in a different way by V. A. Fok [1,2] who, however, restricted con- 
sideration to finite regions, (cf. V. A. Fok and N. I. Muskhelishvili [1]). 

The preceding formulae refer to the cases of finite as well as of infinite 
regions. However, in the latter case, they may be given a somewhat 
different form which will be more convenient. First of all, in that case 
k = 0. Hence (79.1) becomes 

1 r 6)(cr) 6)(C) 

- 0 + » = ^<0 ■ (”•>'> 


Further, noting that in accordance with the imposed conditions 

c 




+ « 


where is holomorphic inside y, one has 

w((t) — &)o(a) — WoP c 

Substituting this expression in (79.1'), one finds 

a>o((T) — 


9(0 + / -^ 7 - + a = AiK) ( 79 . 1 ") 

2w w (o) (or Q 


because, as is easily verified, 

1 /■ (p'(a) da 

2m j co'(o) 

Y 

in fact, the expression conjugate complex to the last integral 

2n 

2n.l b>'{a) 2m J <i>'{a) a 

0 


‘iTT 
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is zero, because <fi'{a)ja(i>'{a) is obviously the boundary value of a function, 
holomorphic inside y- 
Differentiating (79. 1 ”) 


<p'ra + 



r a 

tOo(<l) — Wo(Q 1 

2ni J 

■0^" 

U'(a)(a-^) i 


ia==A'(l) (79.1"') 


and taking, as before, the limit ^ -> CTq, one obtains the integral equatioif 

I 

coo(a) — Wo(oo) 1 


, 1 r 3 f “o(®) • 


=.4'K). (79,4')j 

^ 6> (o) ^ 


Thus equation (79.4) which will now be written 


\ 


<P'K) + J === ^'K) (79.6) 

y 

and which is applicable to both cases may in the case of infinite regions 
be replaced by (79.4'), i.e., 

+ ---r f Ko{a„. a)W) da A'{ao), (79.6') 


where 


KoiL o) 


10 Wo{«^) — “o(0 


(79.5') 


The integral equations (79.6) and (79.6') will now be investigated 
and a beginning will be made with the case of infinite regions. 
Substituting in (79.6') 

?'((i) == 9,' + i?2 

and 

■^o(® 0 > ®) ~ -^1 “H *'^2 

and separating real and imaginary parts, one obtains two real Fredholm 
equations; this system may be reduced by ordinary means to a single 
equation. This equation will not be written down, since it is sufficient to 
know that (79.6') reduces to a .single Fredholm equation (of the second 
kind). 

Suppose now that (79.6') has the (continuous) solution <p'(or). By 
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substituting this solution in the second term on the left-hand side of 
(79.1"') one finds some function which is seen to be holomorphic 
inside y and to have a definite boundary value on y. Further, it is also 
seen that this boundary value coincides with the function ip'(cf), figuring 
in the second term on the left-hand side of (79.1'"), or, in other words, 
that the holomorphic function thus determined, actually solves the 
functional equation (79.1'"). In fact, letting ^ -> (Tq in (79.1'") and taking 
into consideration that <p'(ff) in the second term on the left-hand side 
satisfies (79.4'), it is verified that 9 '(^) ->!p'(cro). Integrating (p'(i;) it is 
deduced that the holomorphic function (f{^) satisfies (79.1") and hence 
also the original equation (79.1'), the constant d in this equation being 
completely determined by the condition <p(0) — 0. 

Once cp(l^) has been found the function tj^(C) is determined by (79.8), 
viz.. 


in J f J ' f 

^ ^ 2ni ) " — ^ 27ci J 


a)((T) 9'(o-)rf(T 
. r\ 


(797) 


Since and cp'(Q are continuous up to y, the functions cp(Q 

and give a regular solution of the problem. Thus a definite regular 
solution of the problem corresponds to every (continuous) solution 
^'((t) of the integral equation (79.6'). 

For the determination of the constant a, referred to above, it is sufficient to 
put — 0 in (79.1"). <'1*. f^etter still, in (78.10) which is equivalent to (79.1"); in 
this wav one obtains 

a =- J(0) f cp'((y)dG . 

J ow'(a) 


The properties of stated above, have been discussed earlier and those of 

(p(Q are then obvious; those of ^(Q follow from the same reasoning and from the 
fact that (79.7) may be written 




I 

irzi 


I 


f da 


1 

2Ttt 


f Wi 
t J <!)' 


(a) (a 


- MK) 


•?) 


<f'{a)da - 




?'(Q. (79.7') 


It will now be shown that the integral equation (79.6') has always a 
unique solution. It is known that for this purpose it will be sufficient to 
prove that the corresponding homogeneous equation 

<p'((jo) + —J j = 0 


(79.6") 
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has no non-zero solution. This is almost obvious on the basis of the earlier 
remarks. In fact, if this equation had a solution different from zero, 
one could by means of this solution obtain a solution of the fundamental 
problem for the case / = 0 with (p'(Q 0. However, this would mean 

that a non-zero solution exists for the case when no external forces 
act on the boundary and that the corresponding internal stresses in the 
body differ from zero. The impossibility of this is proved by the uni- 
queness theorem of § 40 (cf. also end of § 42). Thus the existence of 
the solution of the first fundamental problem has been proved for 
infinite regions. \ 

The case of finite regions will be considered next. For the time being 
it will be assumed that the constant ^ in (79.1) has been fixed arbitrarily. 
In order to remove the term koi(^) in this equation, introduce the trans- 
formation 

9(i:) = -MQ + 9ora. (79.8) 

where (po(!^) is a new unknown holomorphic function. One thus obtains 
from (79.1) the equation 

9„(g + — T ^)do + « = A{K) (79.9) 

a>'(a) (o — C) 

from which follows, as before, 

«P(;(q + 2^’ j 

Y 

and, for Z <To« 

I K{ao. a)^)da = ^'(uo). (79.11) 

Y 

As in the case of (79.6'), this equation may be reduced to a system 
of two Fredholm integral equations from which one finally obtains a 
Fredholm equation (of the second kind). It will be shown below that 
(79.11) always has a (unique) solution. 

First, however, consider the construction of the solution of the original 
problem, once any (continuous) solution (po((j) of (79.11) has been found. 

Substituting this solution in the second term on the left-hand side of 
(79.9) and taking into account the condition (po(0) = 0 which follows 
from (79.8) for (p(0) = c«)(0) = 0, one obtains the function ^^(i;) as well 
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as the constant a. The function <p(Q will then be given by (79.8) and it 
will be the solution of the functional equation (79.1) for the given value 
of k. In order that the function 9(1^), determined in this manner, lead 
to the solution of the original problem, it is, however, necessary and 
sufficient to select the value of k to satisfy (79.2), i.e., 


<o'(0) 

or, using (79.8), 

kJrk^ (79.12) 

o'(0) 

This is obviously possible only if 

<Po(0) 

- v.xr = a real number. (79.13) 

w (0) 

Let it be assumed that (79.13) is fulfilled. Then (79.12) determines the 
real part of k. By fixing the imaginary part of k arbitrarily a definite 
expression will be obtained for the unknown function ^(Q; after de- 
termining the corresponding function t{<(Q from (79.8) one finally finds 
a certain regular solution of the original problem. 

The meaning of the condition (79.13) is easily explained. In fact, 
writing 

<Po(®) + 90 (<^) + /i + if 2 + t*>(o) (79.14) 

w (o) to'(O) 


or 


9o(o) + 9 oH + 'I'oW = fi ■ if 2 + (79.15) 

Cl) (cr) Cl) (0) 

it is seen directly that (79.9) represents the condition for <j)o(ff). defined by 
(79.15), to be the boundary value of some function 4'o{0» holomorphic 
inside y. Thus the relations (79.14) and (79.15) must hold, where 4*0 (®) 
is the boundary value of 4'o(Q> holomorphic inside and continuous up 

to y. 

Multiplying (79.14) and (79.15) by <a'{a)da = dz and oi'{a)da = dz 
respectively, aciding, integrating around y and noting that 
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(Po(<i)co'(c)iicT + j w(o)<Po((T)(i(T == (i[<Po(o)<>>(®)] = 0, 

y Y 

(po(ci)w'(o)^i<r + to(a)<p„(a)(iCT = j ti[(po(a)<o(a)] = 0, 

y y 

^ 

I = I tj^o(cf)w'(<T)flJo = 0, 


/ 


co(a)co'(cr 



zdz, 


to{a)o}'((y)da ~ j zdz} 



one obtains 


But 


0 = + 

J zdz = j" {xdx + ydy) + i j" {ydx — xdy) — — 2tS, 


where S is the area of the region inside L. Hence 


1 ?o(0) 

9o(0) 

1 <o'(0) 

o'(0) 


(79.16) 


The expression in the curly brackets differs from the imaginary part 
of <po(0)/<i)'(0) only by a factor, and hence (79.13) is equivalent to 


I ihdx + f^y) = 0 


(79.17) 


which is the condition for the vanishing of the resultant moment of the 
external stresses applied to L. 

Now equation (79.1 1) will be considered and it will be shown that it 
has a unique solution. For this purpose the corresponding homogeneous 
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equation 

I K(ao, o)^)da = 0 (79.1 1') 

Y 

will be studied. This equation is obtained, if one wants to solve the first 
fundamental problem in the above-stated manner in the absence of 
external stresses, i.e., for L. As under this condition 

(79.17) will obviously be satisfied, the condition (79.13) will be fulfilled 
for any solution of (79.1 1'). Selecting the real part of k in accordance 
with (79.12) and fixing its imaginary part arbitrarily, the solution of the 
first fundamental problem for may be constructed starting 

from 9o(cr). If this function does not vanish everywhere on y, the solution 
constructed in this manner will not correspond to the case of absence of 
stresses. In fact, the function 9(J^) will be given by 9(Q — — k(o(Q -f 9o(0 
and, in the absence of stresses, one should have 9(C) Czco(Q. 
Hence, in this case, = m6)(C), where m is some constant. Substituting 
this expression in (79.9) with A (C) — 0, one obviously finds == const 
which is only possible for m — = 0, i.e., 90(C) — 0. Thus the presence of a 
non-zero solution of (79. 1 1 ') implies a solution of the first fundamental 
problem, giving the state of stress in the absence of external forces, 
which is impossible by the uniqueness theorem. In this way it has been 
.shown that the homogeneous equation, corresponding to (79.11), has no 
solution which is not identically zero, and therefore (79.1 1) has one and 
only one solution. 

Solving (79.11) and assuming (79.17) to be satisfied, the function 
9(0 will be found from (79.8) with the real part of k chosen in agreement 
with (79.12); the function ^(C) can then be determined by (78.8) and the 
solution of the original problem obtained. The imaginary part of k 
remains arbitrary, as was to be expected, since a term of the form Cia>(C) 
in the expression for 9{C)» where C is a real constant, does not affect 
the stress distribution. 

It will be remembered that (79.17) is the condition that the resultant 
moment of the external forces must vanish. The condition for the vanish- 
ing of the resultant force vector is ensured by the continuity of the func- 
tions and /a on I; that is the reason why it does not appear in explicit 
form. 

Thus the existence of the solution of the first fundamental problem 
has also been proved for the case of finite regions. At the same time 
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(theoretical) methods of solution have been given for this problem for 
the cases of finite as well as of infinite regions. 

Next consider the second fundamental problem. This problem has 
been seen to reduce to the solution of the equation (78.16) which is 
quite analogous to the equation obtained for the first fundamental 
problem. The methods of solution of the first and second problems are 
so alike that there is no point in repeating the reasoning. 

A certain difference occurs only in the case of the problem for finite 
regions; in fact, one will have now instead of (79.8) 

9^= -co(g + 9„(g (79.1^ 

\ 

and k will have to be determined from the equation 


k ^ cp;(o) 
to'(O) 


(79.19) 


which gives a definite value for k (remembering that x. > 1) without 
any additional condition for the existence of the solution. 

Thus the existence of the solution of the .second fundamental problem 
has been proved and at the same time a (theoretical) method has been 
obtained for its solution. 

The mixed fundamental problem may be solved by methods analogous 
to those above. In this case the stated procedure does not lead directly 
to a Fredholm equation, but to a so-called singular integral equation 
which is then easily reduced to a Fredholm equation. The mixed problem 
has been solved in this way by D. I. Sherman [10]. The solution may be 
considerably simplified, if use is made of the general theory of singular 
equations which has been developed recently. 

A more detailed study of the integral equations for the first and second 
fundamental problems, obtained above, was likewise presented by D. I. 
Sherman [7]. In fact, Sherman introduced into these equations a para- 
meter X (not to be confused with the Lame constant), similar to that 
occurring in the general theory of Fredholm equations, and proved that 
all the characteristic values of this parameter are real and distributed 
inside the region — 1 < X < 1 . This fact is of practical value, since it 
shows that the above integral equations may be solved by iteration 
methods, i.e., that the Neumann series will converge for those values 
of X to which these equations correspond; in fact, the integral equations 
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for the first and second fundamental problems correspond to the values 
X = 1 and X = — 1/x respectively (remembering that x > 1). 

Apart from these results, Sherman deduced in the above paper a 
number of other results which are of independent interest. 

In the later chapters of this Part remarks will be made with regard to 
the existence theorems for regions of more general shape and also with 
regard to some other general methods of solution of the fundamental 
problems. 

§ 79a. On some other applications of the preceding integral 
equations. The integral eejuations of § 79 may also be applied to certain 
other important problems of the theory of elasticity, e.g. the (appro- 
ximate) theory of bending of plates, loaded by forces normal to their 
plane. It has already been stated above that the case of plates clamped 
along their edges may be reduced to the so-called fundamental bi-harmonic 
problem, i.e., to the same boundary problem as the first fundamental 
problem of plane elasticity. 

The case of plates with free edges has been found to reduce to the same 
boundary problem as the second fundamental problem of plane elasticity ; 
the only difference is that the constant x has to be replaced by some 
other constant, likewise larger than unity. This has been proved by 
S. G. Lekhnitzky [3[ and, later on and independently, by I. N. V'ekua [3]. 
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SOLUTION OF THE FUNDAMENTAL PROBLEMS FOR REGIONS 
MAPPED ON TO A CIRCLE BY RATIONAL FUNCTIONS. 
EXTENSION TO APPROXIMATE SOLUTION FOR REGIONS 01 

GENERAL SHAPE 

As stated earlier, Cauchy type integrals provide the means for ob^ 
taining theoretical as well as practical solutions of the fundamental! 
problems for certain fairly wide classes of regions. The starting points for ' 
this work are the formulae (78.10) or (78.16) or analogous formulae 
to be stated below. The case for which the mapping function &)(1^) is 
rational is particularly simple, since, as will be shown in this chapter, 
the solution in this case is obtained by quite elementary means. However, 
for the sake of clarity, a beginning will be made with the direct solution 
of the problems for some very simple regions. 

The major part of the results stated in this chapter were contained in 
the Author’s papers [4, 5, 7, 8.J 

In their two papers [1, 2] D. M. Volkov and A. A. Nazarov gave a method which 
apparently permits solution by elementary means in the case of a wider class of 
regions. However, this class has not been specified by the authors with sufficient 
exactness, so that it cannot be stated beforehand in what cases, in addition to 
those stated by the Author here, a .solution may be obtained by elementary means. 
In fact, in order to state the cases, where one can certainly obtain elementary 
solutions by applying completely definite methods, the Author, in those of his 
papers which were devoted to elementary methods, has limited consideration to 
cases where <a{^) is a rational function. In addition, he should indicate that he does 
not agree with Volkov and Nazarov in their claim that their method leads to 
simpler calculations; cf. § 87a. 

§ 80. Solution of the first fundamental problem for the circle. 

It has already been stated in § 54 that many solutions of this problem 
are known. Among those mention will be made only of the solutions by 
G. V. Kolosov [1, 2], G. V. Kolosov and 1. N. MuskhelishvUi [1] and 
G. V. Kolosov [5] which was also published in 1931. In § 54 this problem 
was solved by the use of series. Cauchy type integrals achieve the object 
more rapidly and give a solution which is more convenient in ap- 
plications. 
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Let R be the radius of the circle S with circumference L. In the present 
case 

2 == w(C) == i??:, (80.1) 

where here and below the notation of § 78 will be used. In particular, y 
will denote the unit circle 1 | = 1 , a point on this circle. 

The boundary condition now becomes 

9 ( 0 ) + ccp'((T) + = /i + ihi = i (80.2) 

or 


<p(a) + 5cp'(<7 ) + i}/(ct) = /i — if^ = f. (80.3) 

Expressing the fact that the right-hand side of 

({j(a) = / — 9(0) — 09'(ar) ( 80 . 3 ') 

must be the boundary value of some function 4 ^( 0 . holomorphic inside y. 
one obtains by (76.12) 

1 f fda 1 C (f{a)da 1 T (j(f'{a)da 

2m J a — X, 2m J a — t 2m J a — ^ 

Y r Y 

where d is some constant, and actually a = 4^(0). Thus 



This equation is nothing else but the functional equation (78.10) for 
the case <o(^) = KZ. 

In the case considered here the functional equation may be solved in 
a simple manner without transition to an integral equation, since the 
integral on the left-hand side can be immediately calculated in finite form. 

In fact, consider the first three terms of the expansion for 9 ( 1 ^) 


9 (Q = flo + ** 1 ^ H“ * 2 ^* + • • • (80.5) 

from which follows 

9'(Q— + 2a^ 
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(80.4) may thus be written 

1 C f da 

<p(Q + + 2^2 + a = J - . (80.6) 

Y 

This last relation determines <p(J^) apart from d^^ + 2^2 + i.e., 

the unknown constants ag, d have still to be found. For this purpose 
one has to express the condition that ag are coefficients of the 
expansion (80.5), since, if this condition is not fulfilled, the functidn 
(p(Q, as determined by (80.5), will obviously not satisfy (80.4). In ad- 
dition, one must put for definiteness \ 

9(0) == flo = 0. (80.5'i^ 

In order to express these conditions, it is sufficient to put ^ = 0 in ■ 
(80.6) and likewise in the equations, obtained from (80.6) by differentiating 
once and twice with respect to X,, and to take into consideration that, by 
definition, = cp'(O), = 9"(0). This process gives 



1 f 

, da 

(a) 

2^^2 ^ — 

2ni J 

i . 

a 


Y 




1 f 

, da 

(b) 

^1 “1” 

2Tzi J 

a^ 




da 


(^) 


The relations (a) — (c) may also be obtained by substituting in (80.6) the ex- 
pansions 

9 (^) = + . . . 

and 


1 f fda 

2niJ a — ' 
Y 




Y 


Y 


2ni J a 2m J a® 2m J o® 


r r r 

and by comparing coefficients of 2;®, 2^*. 

The formula (c) is actually unnecessary (as was to be expected), since 
there is no need to know the quantity separately; it is sufficient to 
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know the sum 2a^-\- a which alone occurs in (80.6), determining <p(Q. 
Substituting / = /^ + if^, a = e^, formula (b) gives 

2 re 

«1 + = 2“/ 

0 

This condition can only be fulfilled when the right-hand side is real, 
i.e., when 

2n 

I ( — /i sin 0^ -t- /a cos — 0, (80.7) 


which expresses the necessity for the vanishing of the resultant moment 
of the external forces fcf. (54.3)]. If it is satisfied, the real part of is 
completely determined by {b), while its imaginary part, as expected, 
remains arbitrary; putting, for definiteness, ;J^(a) = 0, one obtains from (b) 


Ct-^ — ~ — • 


\__rtda 

AT^ij ( t 2 


(80.8) 


Finally, substituting in (80.6) for 2d.^ -f d from (a), one finds 

1 

2ni. 


ZTzi J a — ^ 


■d,l- 


:tj a 


(80.9) 


where is given by (80.8). 

Having found (p(C), the function (]»(!^) may be immediately determined, 
because its boundary value 4'(<i) is given by (80.3'). Determining 4i(^) 
from Cauchy’s formula and taking into consideration that [cf. (76.18) 
and (70.3)] 


1 

27t« . 


1 A>(<r}d<r 


0 , 


I r aif>'{a)da 1 f ?'(o) da ^ (p'(Q ^ 


one obtains 


1 


fda , ai 
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It is easily seen that the solution obtained Mill be regular (in the sense 
of §42), if the function / given on L has a derivative satisfying the H 
condition. 

Thus the problem has been solved. It will be noted that the last term 
on the right-hand side of (80.9) may be omitted, because a constant term 
in the expression for ^(Q does not influence the stress distribution. This 
constant has only been calculated with the “fundamental biharmonic 
problem” (§ 40) in mind, since the constant term has a meaning in tha|; 
case. 

Omitting the above-mentioned constant term, one has instead of 
(80.9) the simpler formula 


<P(Q 


= ‘.A 

2m j c 


f da 


<T — j; 

dU . dU 




(80.9') 


In this case the boundary value of --- — 1- * - 1 - may differ from f-fi+if-i 

ox py 

by a constant term. If one takes (80.9), this boundary value will be 
exactly equal to /. 

The solution deduced above is very convenient for applications, as 
will become apparent from the examples considered in the next section. 


\ 


§ 80a. Examples. 

1°. Circular disc under concentrated forces, 
applied to its boundary. 

This problem was first solved by H. Hertz in 1883 and .studied in detail by 
J. H. Michell [2], using methods quite different from those used in this book. 
Cf. also A. E. H. Lx)ve [1] § 155. 

Let the concentrated forces 

(X„ Y,), {X,. Y^) (X„, y„) , 

act at the points 

^2 - Re'^, = 

(0 < < a2 < . . . < a„ < 2Tt) 

of the edge of the circular disc. The points 

CTj — - ^ ^ 

correspond to these jioints in the ^ plane. 

Under these conditions ■the expression / ” /i + ifi will be constant 
on each of the arcs OiOj, a^a^, . . . , o„ori (because these arcs are free from 
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external forces), but it will change discontinuously by i(X^ + iYf) for 
a passage through the point a*,, (cf. § 43). While it has been assumed in the 
earlier reasoning that the function f ~ given on L, is continuous 

(and even has a derivative satisfying the H condition), it is easily verified 
that even in the present case the method leads to the correct solution of 
the problem. 

For example, let / = 0 on o,,®,. Then one wiU have on the arcs 
® 2 ® 3 * that / = i{Xi fTj), / — i{Xi -f- i{X 2 -|- etc. 

respectively. In order that / attain its original value 0 on after one 
complete circuit, one must, obviously, have the conditions Xj + + ... 

+ Xn == 0, Yj -f ^2 + + y„ — 0, i.e., the resultant vector of the 

applied forces must vanish. This condition is necessary, because 
dU .dU ^ . 

- + * must be single- valued inside y, since the region under 

dx cy 

consideration is simply-connected. 

Further, 

02 rtn Oi 

' « ‘ /'+... 4 '-/V 

27«' J a — C 27« J 2ni J 2t:i J 

~ j: ^ (.Yi + iY,) + (X,J-JY,) _ 

“"271 ” ®, — c ' 27t ■ ■ — 


{X, + iY,)+ ...+(X„ + tY„) 

+ ... -1 log 

27t a„ — ; 


The last term is, of course, zero, but it has been written down fo^the 
sake of symmetry. After some obvious manipulations one finds 

\ f da 1 


2717 . a — ^ 


2k 


{{X, + tY,) log {a, -0 -f {X, + iY^) log (02-0+ 


Similarly, 

_1 pda 
'2Kija~~\ 


2k 


. +(X„ + 7Y„)log(a„-0}. 
{(Xi— 7 Y,) log (®i— 0+ • • • +(A'„— 7Y„) log (o„— 0}. 


Finally, the constant flj has to be determined. For this purpose use 
may be made of (80.8) ; however, it will be simpler to adopt the following 
procedure. Since, by supposition, «! = «! = <p'(0), one finds from (80.9), 
replacing the integrals on the right-hand side by the expressions above. 
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integrating with respect to ^ and putting = 0, 


2ai = 


^ ^ + iy k 

2k A;-1 <5 1c 


Jn fc=i 


In order that may be real, the right-hand side of this expression must 
be a real quantity. This condition is easily seen to lead to 


(X/cY k Vk^k) — 




where x*. -f ty*. = = a^R, i.e., to the vanishing of the resultant moment. 

If the above conditions (for the resultant force and moment) are \ 
satisfied, the solution of the problem is given by (80.9') and (80.10) ' 


9(0 = - 

i (X, + iY,) log (a,- 

ZK 

-0- 

i (X,+iY,)a„ (80.1a) 


-L s (X,-iV,)Iog(<T,- 

ZK 

-Q- 

L ^ (80.2a) 

2k k-1 C 


It is easily established that the stress function U will be continuous 

up to Y, so that one will 
actually have the concen- 
trated forces at the specified 
points. 

Consider, for example, the 
case when two equal and 
opposite forces {p, 0) and 
( — p, 0), parallel to the Ox 
axis, act on the disc at the 
points Zi = and — 
(Fig. 35). 
Then, reverting to the old 
variable z=R^, one obtains 

from (80.1a) and (80.2a), omitting inessential constant terms, 

<Pi(«) = —-^ (^1 — z) — log (^2 — z)+ 



= 
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o.w ' — 

2k I Zj^ — z Zjj — z 2i?2 J 


^.(z) = +;(z) 




2:1: 1 z^ — z z ' (z^ — z)® 

The stresses will be given by the formulae 

Tv = 49103(2), 

Y^~X^ + 2iX„ = 2[iO;{z) + ^ 1 ( 2 )]. 
Substituting for Oj and and noting that 


( 22 — 2)* J 


2 i = Re‘^, 22 = 

z = ^3^'**^*, Z2 • 


Re- 




(see Fig. 35 , D-j and 9-2 being positive or negative, when the point 2 lies 
above or below the line of action of the forces), one finds 

X + y == ^ ^2 _ 

* * 7T I r,, R }’ 

„ _ p j cos 3&1 + cos 93 ^ cos 392 + cos 92 1 

2 ^ p I sin 393 4- sin 93 sin 39 ^ + sin 92 1 

Tc I fi /’ 


hence 




2p f cos® 9 j cos® 92 1 p 


Tc 1 r. 


+ 


kR 


cos«. 


2p i sin® 93 cos 93 sin® 9 a cos 921 p 


cos «, 

Tt I r, r, } kR 


^ 2p ( sin 93 cos® 93 sin 92 cos® 92 

* TT I ^3 r. 


}■ 


'rhe displacements u and v are also easily obtained, using the formula 
2 (x(« + iv) — X?3(2) — Zf'(z) — 4 'i(®) 
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which gives 
2(i(u + *v) = 




(X 


1) cos a 1 


The values of the multi-valued functions, occuring in this formula, have 
to be restricted to one definite branch. If another branch is used, the 
resulting displacements will differ from the first by a rigid body dis- 
placement. Separating real and imaginary parts and replacing x by ire 
value (X -|- 3(x)/(X -f fz), one finds \ 


It = 


4[Jl7t 


[2(X -b 2(z) 


L! 

iuLTU I 


X + fx 

2fx 


-log h cos 20^1 — cos 2&2 — 


4|jL7r I X + (JL 


('O'j “|- -^ 2 ) — 20“^ — sin 2 t )'2 


2[jl cos a 

X 4“ H- 
2(1 cos a 
X 4 - [X 


!}■ 


In these formulae x ty — z. In the last formula one may write y — I 
instead of y, where I is the distance of the centre from the line of action 
of the forces (obviously this amounts to the addition of a rigid body 
displacement). In that case all points, lying on the line of action of the 
forces, will remain there after deformation. 

If one is not dealing with plane deformations, but with a thin disc, 
one must use X* instead of X and p must be conceived as the quantity 
Fjlh, where F is the concentrated force and 2h is the thickness of the plate. 
(Actually, in the above work, p denotes a force which does not act at 
a point, but on a straight line, perpendicular to the Oxy plane, and which 
is ifetimated per unit length of this line.) 

A large number of examples of a similar kind may be treated which are 
of interest for technical applications. In particular, it is very simple to 
deduce solutions for all those ca.ses which were considered by J. H. 
Michell [2] using other, artificial methods (cf. G. V. Kolosov and I. N. 
Muskhelishvili [1]). 


2°. Disc under concentrated forces and couples 
acting at internal points. The solution of this problem is 
likewise obtained with extraordinary simplicity from the general formulae 
of § 80. For this purpose it is sufficient to introduce into the functions 
tp, t}* definite singularities at the points of application of the concentrated 
forces and couples, as stated in § 57. It will be left to the reader to find 
the general solution. For the sake of brevity, consideration will be restrict- 
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ed here to the example of two exactly opposite forces one of which acts 
at the centre, while the other acts at an arbitrary point of the disc. Without 
affecting generality, it may be assumed that the second force is applied at 
a point of the Ox axis (and directed along it). Thus one has the two 
concentrated forces (— p, 0) acting at 0 and (+ p, 0) at 2o. where 
Zq is real. 

In the case under consideration the functions (py{z), will have the 
following forms (cf . § 57) : 


9i(^) 


2’k(\ + >t) 

yLp 


- logz- 


y 


2tc( 1 + x) 
y.p 


log {z — ,:o) -f- cp^l(z), 


2,(1 + X) + 2,(1+ + 


(80.3a) 


or, in terms of ^ — z/R, 


+ - +d,«(2) 

^27r(l +x) ^ 


== 0 ^ ^ (z - Q) + ?oa 

27t(l 4- x) 

'I^(C) 2,.(r+ xj ^ ~ 

27r(l + x) Q — Qo 

where <po(Z)> 4'o(^) ^^e holomorphic inside y and = ^o/^- 

The boundary condition (assuming the edge of the disc to be free) 
may be written 

9(<t) CT!p'(<7) + ({((o) = 0 


or, substituting from (80.4a), 

<Po(o) + ®9(>(®) + = /o. 

where 


(80.5a) 


/o 


27t(l x) 


log 


O ' — ^0 


xp 

2k{\ + x) 


log (1 — Coo) + 


+ 1 { ff — a4, (80.6a) 

^ 27t(l +x) t 1 — ^ 
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and hence 


2n{\ + x) 


iog(i-ai;,) 


log 5,-?! + 

27c(1 + x) ^ ^ 


2n(\ 4- 


{1. ,ao.6'«, 


The functions 9o(Q* 4'o(0 will be found from (80.9') and (80.10), where} 
one has to replace 9, f by 9^, 4^0 , /q. Calculation of the integrals oc-1 
curring in these formulae presents no difficulty. \ 

The choice of the branches of the multi-valued functions log and \ 

log ( 1 — is arbitrary. However, they must be chosen in such a way that they ’ 
represent on y conjugate quantities. For the first function, a branch will be chosen 
which is holomorphic outside y and zero for == 00 ; for the second function, a 
branch will be taken which is holomorphic inside y and zero for ^ ~ 0. 


Noting the properties of the branches of the functions log 




and log (1 — K-Kq), as chosen above, one has from the formulae of §70 
and by Cauchy’s formula 


(T — ^0 


=\og(\~KoQ- 

Im J a — c. 


Also, by the same formulae. 


xi j 11 — oQo fa — I 




l-CoC 


r r 2 


Hence 

1 f fo do 

2m J c — C 


I J la a — Qo a^) a — 




PC K-llo 1 

:i + x) li-i:„i: 


I f foda f 

2m J a — ^ 27t(l + x) 


iog(i-i;oa 
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For the calculation of it will be noted that 2ai equals the value of 
the derivative of the last but one expression for = 0 (cf. § 80). Thus, 


(Xi — 


47t(l + x) 
and, by (80.9') and (80.10), one finds 


<Po(Q 


2„(r+ K, " -W) + 


4'o(!:) 


-log(l-^oC) 


27t( 1 + x) 


27.(1 +x)(i-i:oO 

p 


47t( 1 + x) 


i-a 


27.(1 + x) • (1 - w 


A constant term has been omitted in the last expression. Finally, by 
(80.4a), 


27.(V+ xy^°^ i; — Co 27.(1 +x) 


27.(1 +xni —CaC J 4 


47r(l + x) 


4^^ = 


y.p 


+ 


2tc( 1 + x) 


log + 

» 

iog(i-^oi:) 


i:o 


+ 


27.(1 +x) ^c-i:o 2x(n-x)-c-i:o 

p (x-i)q + i 


(80.7a) 


27.(1 +x)' 1— CoC 

p 1-a 


27.0' + x) -(l-CoC)*' 


and the problem is solved. When dealing with a thin plate one has to 
replace x by x*. 

The problem for systems of arbitrarily distributed forces can be solved 
just as simply. 

3°. Rotating disc with attached discrete masses. 
Let the thin elastic plate rotate about its centre with angular 
velocity ft and let there be arbitrary discrete masses attached to points 
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of the plate. It is sufficient to find the solution for the case of one mass m, 
because the solution of the general case may be obtained by super- 
position of several such solutions. 

The effect of a concentrated mass obviously reduces to the action of 
a concentrated centrifugal force in a radial direction and of magnitude 
F — where I is the distance of the mass from the axis of rotation ; 

a reaction, equal in magnitude and opposite in direction to the force F, 
will act a1;j^the axis of rotation. Thus the solution of this problem will 
be obtained by adding to the solution of the problem of a rotating disc 
without discrete masses (cf. end of § 59a) the solution of the probleni, 
considered in the preceding example. In the present case p — FjTh 
mlQ^jlh, where 2h is the thickness of the plate (because p is calculated peir 
unit thickness). 

The solution of the problem of a disc rotating about an eccentric 
axis may be obtained in a similar manner. 


§ 81. Solution of the second fundamental problem for the circle. 

In the notation of the preceding sections the boundary condition in 
this case takes the form 


x9((t) — <T<p'(a) — ^a) = + ig^) = 2[ig (81 .1) 

or 


xcp(ff) — a(f'{a) — ({^((i) == 2ix(g, — Jgjj) == 2 ( 1 ", (81.2) 


where gj, are the given displacements of points of the boundary. 

In view of the complete analogy with the problem of § 80, only the 
final solution will be recorded here: 


where 


xcplQ = -~r f — — + 2^2 + 
nt J a — C 

(81.3) 

Y 


fj± 

Ttt J a — C. C, Q 

Y 

(81.4) 

^ f da 

2^2 + a == 1 g , 

m J a 

(81.5) 

Y 


m J a^ 7ctJ 

(81.6) 


Y Y 



CHAP. 15 SOLUTION FOR PARTICULAR REGIONS 333 

This solution will be regular, provided the function g, given on the 
boundary, has a derivative satisfying the H condition. 

§ 82. Solution of the first fundamental problem for the infinite 
plane with an elliptic hole *). Use will be made here of the transfor- 
mation of the region S under consideration on to the region | ^ | > 1 , 
i.e., on the infinite plane with a circular hole. (In the Author's earlier 
work the transformation on to the circle has been used instead.) 

The relevant transformation is (cf. § 48, 5°) 

( fyi \ 

^ + (^>0. 0 m 1). (82.1) 

The circle | ^ | --— 1 corresponds to the ellipse L with centre at the origin 
and semi-axes 

— i?(l -f m), b — R(l — m). 

By suitable choice of R and m one may obtain ellipses of any dimension 
and shape. If w == 0, the ellipse becomes a circle. In the limiting case 
w = 1, it is the segment of the Ox axis between the points a: = ± 
and the region S is the infinite plane with a straight cut. 

In the present case 

i{(y) 1 or* + m oi{a) 1 + 

tj)'(cj) ^ 1 ^ 

and the boundary condition takes the form 

1 4- m 

9{cr) + - f 

a 1 — 
or 

— 1 1 - — — 

9(ff) + (7 — (p'(o) + 4'{3) = /■ 

o® — m 

First assume that 

x=Y = o, r = r'==o 

[the notation being the same as in §50; cf. (50.14) and (50.15)], i.e., 
that the resultant vector of the external forces applied to the contour 
is zero and that the stresses as well as the rotation vanish at infinity. 


(82.2) 

(82.3) 


N.I. Muskhelishvili [4j. 
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Then (p(Q and will be holomorphic outside y, including the point at 
infinity. In addition, one may assume q){oo) = 0. 

The statement that must represent on y the boundary value of 
some function holomorphic outside y, takes by (76.13) the form 


1 C f da 

J 

T 


1 f cp{a)da 1 r I (T* + « — — da 

2m J a — t 2m' J a 1 — ma^ a — ^ 

r r 


where ^ is a. point outside y; noting that by (70.1'), i.e., by Cauchjij’s 
formula for infinite regions. 


2m J a 


<p(a)da 


— + 9(00) 


9(0. 


one obtains 


9(0 + 


27tJ 


1 a^ m 
a 1 — ma^ 


9'(0) 


da 


= J-, f-L 

2m J a - 


d<y 


(a) 


This equation corresponds to the functional equation (78.10) for the 
general case (the absence of the constant a on the left-hand side being 
explained by the fact that use has been made of the transformation 
on to I ^ I > 1 and not on to | | < 1 ) ; this equation can immediately 

be solved, because 


1 

a 


a^ + m 


1 


ma^ 


9'{o) 


is the boundary value of the function 

1 ^1+ fn —/ \ \ 

\U’ 

holomorphic inside y, as a result of which the integral on the left-hand 
side of {a) becomes zero. 

Since 9(1^) is holomorphic outside y and 9(00) = 0 , 

-Pig = Y + + • • • foria>i. 

Hence 



for I i: 1 > 1 . 
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SO that 

? (y) = - - 2a*!? ... for I C 1^< 1, 

which proves the above statement. 

Thus one obtains the very simple formula 



(82.4) 


which determines 9 (C). In this way the boundary value of the 
function will be known by (82.3), and therefore is given by 
Cauchy’s formula [(70.1')] 



'\>{G)dG 
27zi J G — 


+ 'Moo) ; 


substituting for 4 ^((t) from (82.3) and noting that (see remarks below) 


1 f ^{G)dG 

2Ki J a — ^ 
y 


- 0 , 


1 r 1 -f ma^ 
2ni J — fn 



„ i-f 


y 


one finds finally, omitting the constant 4 ^(oo) which does not influence 
the stress distribution, 


m - 


1 f 

2Tzi J a — 


1 + 


9%)- 


Y 


(82.5) 


It i.s easily seen that the formulae obtained, give a regular solution of 
the problem, provided / has a derivative satisfying the H condition. 


P'or the deduction of the formulae preceding (82.5), it i.s sufficient to note 
that is the boundary value of v(l/0. holomorphic inside y, and that 


1 + wo* 

" 'T 9 (®) 

a® — fn 


is the boundary value of a function, holomorphic outside y and vanishing at 
infinity (cf. also preceding note). 

The constant 1 ^( 00 ) may be determined by (76.15); in fact, 


'l'(oo) 


2m ./* 




Y 
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Substituting for il<(a) from (82.3) and taking into consideration that 


..i.r 

2ni J 


2ni J a 2ni . 

Y Y 


1 r 1 -f wa* 

27ti J — m 


<^'{a)da = 0 , 


one obtains 


4,(0,) 


f 

2ni J 


7 do 


Next, the general case will be considered and it will be treated i 
accordance with the rule of §78. By (50.14) and (50.15) 


log^ + 9o(g, 

27c( 1 + x) 

27u(1 + 


\ 

(82.6) \ 
(82.7) 


where cpo(Q and 4^0(0 holomorphic for 1 | > 1 and where one can 
assume 

<p„(oo) = 0; 


in addition, as always for the solution of the first fundamental problem, 
it will be assumed that there is no rotation at infinity, i.e., that P = F. 

Substituting these expressions in (82.2), it is seen that 9o(Q '}'o{^) 
satisfy the same boundary condition (82.2), the only difference being 
that / must be replaced by /o, where 


U-f-VR 



er* + «* N 
<i( 1 — wa*) / 


T'R ^ 


2k S ® 27 j( 1 -t- x) 1 — Wd® 


(82.8) 


It will be remembered that /„ will be single-valued on y. because the 
increase of / for a complete circuit of y will be compensated by the in- 
crease of the logarithmic term. 

The functions 9o(^) and 4o(^) found by help of the formulae, 

stated above. 


1 


/odd 
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2,Tzi a — 2^ 
and the problem is completely solved. 




C* — m 


<p;ra. 
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(82.5') 


§ 82a. Examples. 

1°- Stretching of a plate with an elliptic hole. 
Let the edge of the hole be free from external stresses and let the state 
of stress at infinity be tension of magnitude ^ in a direction forming an 
angle a with the Ox axis. Then X = Y = 0 and by (36.10) [putting 
N^ = p. JV, = 0] 

r = f = r' -= — (82.1a) 

Also in the present case / == 0. Hence (82.8) gives 

pR [ m \ pRe^^^ 

/o = ( a + ¥r ) "1 o ^ 

- pR / I 1 4" ma^ \ pRe~^^^a 

— — - - I „ (j - j 

4 \ a a^ — m / 

The function is holomorphic inside y, except at 

^ 0, where it has a pole with the principal part w/I^; the function 

^(l + — m) is holomorphic outside y, except at = oo, where 

it has the form + 0(1/J^). Hence, by the formulae of § 70, 

1 a^ + m da m 

2ni a(l — ma^) a — 


\ f ] + ma^ da ^ \ + niQ ^ ^ (1 + 

2tc» J o® — mo — C — m 


Further, it is obvious that 



Y 


1 f ^ 1 

27ti J a(a — t) K 

Y 


Thus (82.4') and (82.5') give 

mpR pRe^*^ pR{2e^^ — m) 

<Po(Q = H 2i ” 42; 


Theory of Elasticity 


22 
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M = - 


pR 


pR[\ _r 


9o(^h 


and, finally, by (82.6) and (82.7) 


9(Q 




)• 


4^(0 


- 2 - r + “'”1 ^ A 

2 I m — mi' 


and the problem is solved. 



\ 


\ 


A solution of this problem, by a quite different method, was given by C. E. 
Inglis [1], and it was found again in 1921 by T. Poschl [1]. It has been seen that 
this solution is a very particular case of the general solution of the first fundamental 
problem for the infinite plane with an elliptic hole which was published by the 
Author [4] in 1919; cf. also the Author's paper [7]. A particular case of this problem 
(tension in the direction of the major axis of the hole) was solved in 1909 by G. V. 
Kolosov [1], 

In 1931, L. Foppl published a (very complicated) solution of the above-mentioned 
particular case w'hich he considered as an illustration of his method of solution of 
problems by the help of conformal mapping. The general method of Fopj)! (studied 
in the same paper) is very difficult to understand (at least the Author has not 
succeeded in doing so). 


The calculation of the components of stress and displacement is not 
difficult. Only the sum 

^ = 4 fR <!>(!:) 

will be determined here, where by the preceding formulae 

The denominator of the last fraction is real and equal to 

p* — 2»ip* cos 29- + »t®. 

Separating the real part in the numerator one finds 


pp + ^ J 


p* — 2p® cos 2(9' — a) — w* + 2m cos 2a 
p* — 2wp® cos 29- + f«® 


On the boundary of the hole p = 1 and pp = 0. Hence the veilue of 99 
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along the edge of the hole is given by 

+ 2w cos 2a — 2 cos 2(9' — a) 

1 — 2m cos 29 + 

this formula, apart from the notation, agrees with that given by 
T. Poschl [1] (Note that his formula contains a misprint). 

In the case of bi-axial tension, when at infinity 

= r = -^-, r' = o, 

one obtains either directly or by superposition of the preceding solutions 
for a = 0 and a — 


9^- 


?(' :) 


m 


pR{\ +fn^K 
— m 


2°. Elliptic hole the edge of which is subject to 
uniform pressure. In this case 

.Y„ :r^~P cos [n, x), 

Y„^—P cos (», y). 


where P is the magnitude of the pressure; hence 

(A’^n + iY„)ds ~ — P{dy — idx) — Pidz. 

Therefore 


f=^ij (A„ 4- iY.)ds = _ = _ P2? (a + , 


J- 


PR 




Substituting these values in (82.4) and (82.5) (assuming the stresses to 
vanish at infinity) one finds 


PRm PR 

9lK) = - m = --j- 


PRm 1 + 




■m 


and the problem is solved. 

The displacements and stresses will only be calculated here for the 
limiting case m = 1 (i.e., the straight cut; cf. Fig. 36.); their calculation 
in the general case is likewise not difficult. 
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In fact, one finds by (50.7), (50.9) and (50.10) 

P(p*— 1)® (p®+ 1) 


PP 


P + 


(p« — 2p* COS 2&' + f)® ’ 


M = — P + - 


Pjp^ — 1) (1 + 2p® + p« — 4p* cos 20-) 


= - 

PR 


(p4 2p2 COS 20- + 1)2 

2Pp2(p2_ 1)2 sin 2B* 


2|ip 


(p4_2p®cos2d + 1)2 ’ 

(1 + x)p2 c os 2» + 1 — X — 2p2 
Vp* — 2p2 cos 2^ + 1 
(1 — x) sin 29- 


PPp 

2(x ■ \/p* — 2p2 cos 2i>'+ r 



3°. Elliptic hole the edge of which is subject to 
uniform tangential stress T. 

In this case 

{Xn + iYn)ds == Tdz, 

f = iTz = iTR ^<j + -^), / = — tTR + wo). 

As in the preceding example, one obtains (assuming the stresses to"* 
vanish at infinity) 

TRmt TRi , TRmi 1 + 

4°. Elliptic hole (or straight cut) part of the 
edge of which is subject to uniform pressure. 
Consider now the case when the uniform pressure P acts only on 
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the part z-^Mz^ of the boundary (Fig. 37«) and when the stresses, as 
before, vanish at infinity. 

In this case (cf. example 2°.) one may take (beginning the circuit at Xj) 
f — — Pz — PrIc H ^on the arc ZyMz^, 


/ = - Pz^ on the arc z^Nz^. 

Following around the contour {in anti-clockwise direction) and returning 
to ^ 1 , the expression / undergoes the increase 

■ P{^2 ■ = P{zi — z.^ ; 


the same increase will result for any subsequent circuit (cf. § 42). 


By (82.8) 

^ ^ X + zT , 

/o = / -I log a + 

2tz 


X~iY 
2 k{\ -f- x) 


m 

1 * 


P{z^ — log q Pi^i q* + w 

211% 2 izi{\ + x) ’ 1 — ma^ * 


because, by (33, 1), X + iY = iP{^\ — 2 ^ 2 ) > must not be forgotten that 
in the above-mentioned formula the direction of the circuit is that which 
leaves the region occupied by the body on the left, i.e., in the present 
case this direction is clockwise. 

The value of the multi-valued function log a may be fixed arbitrarily 
at any point (e.g. at the point corresponding to the point 

for a circuit along y the function log g must vary continuously, so that 
for a complete circuit (in clockwise direction) log g undergoes an increase 
2T:i and /q reverts to its original value. Hence will be single-valued and 
continuous on the entire contour. 


If /o had discontinuities, this would correspond to concentrated forces at the 
locations of these jumps; however, by supposition, no concentrated forces are 
to be present. Note that the derivative of /» has discontinuities at the points, 
corresponding to Zi and but it is easily verified that the formulae, deduced below, 
give the solution of the problem. 

There remains the determination of 9o(^) ^o(^) from (82.4'), 

(82.5'). Denoting by o, the point of y which corresponds to z^ (Fig. 376), 
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one finds 



Y 


But 


02 



m\ da 





Pz^ r da 

'lizi J a — ^ 


Ol 


02 


+ 


^ P{h — ^z) } i ^og q 

2Tzi 2ni J a — Z 

. . \ I 

P(Zi — 1 / + nt da ^ 

27zi{ 1 + xy 27ci J 1 — w a — t \ 

V \ 



m 


- , Go 
log [- 




j: 


where log — - must be understood as the quantity iQ, with 0 being the 

angular distance of the points ai and dg, measured from a^ in anti-clock- 
wise direction ; further, 




/ 


CT 


02 




1 r (T* -f- w 

Ini J 1 — WCT* 


da 


-0. 


the latter result following from the fact that the integrand is holo- 
morphic inside y- 

There remains the calculation of the integral 


m 


1 

ini 


/'Jog® 
xi J a — t 


da 


which is most easily achieved in the following manner. One has 
dl _ 1 f l0g(T 




2Txi J (o — t)® 27tf J 

Y Y 

_.i„ + _L 

2ni L o — ^ Jo~ot J (t(<t 


0 
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But by Cauchy’s formula for infinite regions 

2m J a{a — ~ 

and 



r logCT ■ 

” _ 2m 


L‘a - C - 

0-0, OTj C 

because for a circuit of y the function log d increases by 2m. Hence 


dl 

1 1 


dl~~ 


consequently 

/(C) - log (dl - 

- C) — log C + const. 

Thus, omitting constant terms, one has 


-T'-M 

R (k + - Z.^\og (d2 — C) — 



- 2 i] log (dl — C) - (Zi — Z,) log C } . 

where 

"( m\ 

^ ( O'] + 

\ (Tj > 

1! 

'K 

+ 

Ihe function 4'o(Q roay be obtained in the same maimer; one thus 
finds finally 


inR rs, r, 

-- -log ^+\l 
^ Oj L 

? ^ “zj log ^(2 — Q — 






P 

2m 




Clog- +A((Ti — 


C® — m 


C* — m 


— 22 log (<T2 — ^ ) + ii log {a I — C) 


Zi — z 

*^r+T 


-logC 


x+1 


1 +w*| 

c*^r 
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If the entire contour is loaded, 

Zi = ^2* == log — ^ 2m, 

and one obtains the simple formula deduced directly for this case (cf. 
example 2°) . 

On the other hand, letting the arc ZiMz^ tend to zero and increasing 
P in such a way that lim P | ^2 — I = P is a finite quantity, on^ 
obtains in the limit the case of a concentrated normal force applied ti 
the edge of the hole. 

It is also easy to find directly the solution for the case of any number 
of arbitrary concentrated forces applied to points of the contour or to 
internal points of the body. (Cf . the analogous solution for the circular disc.) 

5°. Approximate solution of the problem of 
bending of a strip (beam) with an elliptic hole. 
The stress function 

C7 = — i-Ay® 

6 

corresponds to the following state of stress: 

A* = — Ay, y, = A, = 0. (82.3a) 

Hence, cutting from the body a strip bounded by the straight lines 
y = ± a, the edges of this strip will be free from external stresses, while 
purely normal forces A* = — Ay will act on any, transverse (i.e., parallel 
to Oy) section of the strip. These forces are statically equivalent to a 
couple with moment 

+ 0 

M = 2hj Ay^dy = Aha^ , (82.4a) 

—a 

where 2h is the thickness of the plate (normal to the plane Oxy). Thus 
the above function solves the problem of bending of continuous strips 
(beams) by couples, applied to their ends (Fig. 38). The functions <Pi(2), 
«}/j( 2 :) corresponding to U are easily seen to be 

Aiz^ Aiz^ 

9i(^)=-q— . = (82.5a) 

It will now be assumed that an elliptic hole with centre at the origin 
has been cut out of the strip. The problem of bending of such a beam 
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will now be solved approximately, subject to the conditions that the edge 
of the hole is free from external forces and that, at large distances from 
the hole, the state of stress 
tends to that given by (82.3a) ; 
thus it will be assumed that 
the dimensions of the hole are 
small compared with the length 
of the beam (see also the penul- 
timate paragraph of this sec- 
tion) and the problem will be 
solved as if the elliptic hole 
were in an unbounded plate. Under these circumstances one must have 

( 82 . 6 «) 

where (pj, 4'? are functions, holomorphic outside the ellipse including the 
point at infinity. 

For simplicity, it will be assumed that the major axis of the ellipse is 
directed along the axis of the beam. The solution of the general problem 
would only be slightly more complicated. The solution for the particular 
case when the major axis is perpendicular to the axis of the beam was 
found by A. S. Lokshin [1] using different methods. 

Introducing the variable !^, one has in an obvious notation 

Ai / 

Substituting from (82.7a) in the boundary conditions (82.2) or (82.3) 
with / = 0, it is seen that (po(Q. satisfy the same conditions, provided 


one takes instead of f or f 



/o = - 

AiR^l - 

-m)^ / iV 

8 


/o = 

AiR^(\ - 

-»i)v iV 

8 




Fig. 38. 


(82.8a) 
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respectively. Substituting these expressions in (82.4') and (82.5'), noting 
that the right-hand sides of the preceding formulae represent functions 
holomorphic inside y with the exception of the point o — 0, where they 
have poles with the principal parts 

R^A (1 — myi (1 — myi 

Q~i ’ 3 ,ja 


respectively, and applying (70.4), one finds immediately 

1 f Lda R^A{\—m)H 




1 

2ni 


ij c— 

Y 

I f h do 
nj a — ^ 


8t:2 

1 -f- m'ly 


— m 




(82.9a) 


i?M(l —myi 
■ 8^2 


R’‘A{\—m)H XA-mXy 
4^2 • • xy ZTm ’ 


and the problem is solved. 

For m — 0, one obtains the solution for the circular hole, while m — 1 
gives that for the case of a straight cut; it is easily verified that in the 
latter case (po(Q = i};o(Q = 0, i.e., a longitudinal cut does not influence 
the state of stress. 

The problem of bending by transverse forces and other analogous 
problems may be solved in the same manner. A number of such problems 
for the case of circular, elliptic and some other types of holes (in fact, 
holes bounded by hypotrochoids approximating to triangles and squares, 
cf. § 48, 4°) were solved and studied in detail by M. I. Naiman [1 j using 
the methods of this book. Many problems, important from the point of 
view of application, were solved by G. N. Savin [2] who reduced them 
to numerically convenient formulae and gave a number of tables which 
enabled comparison of the deduced results with experiments; more will 
be said about Savin’s work in § 89. S. G. Lekhnitzky [2] studied several 
cases of bending of beams with circular holes at a somewhat earlier 
stage. Even earlier than this, Z. Tuzi [1] gave the solution of the problem 
of pure bending of a beam with a circular hole (which can be obtained 
from the solution given above by putting m — 0). 

Experiments with models have shown that the solution remains 
sufficiently exact from the practical point of view, when the dimensions 
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of the hole are not small compared with the width of the strip provided 

^Tu^rand X f for Z’rrolet 

(Z. luzi) and 1/3 for square holes (G. N. Savin). 

of t n f approximate and based on the consideration 

of an mfmite plane with the corresponding holes. There also exists a 
air y complicated) exact solution of the first fundamental problem of 
the theory of elasticity for an infinite strip (of finite width) with sym- 

^ndTc sifvtsof 


problem for the 

has ?he folm ““ 

X9(a) 


1 4- m 


or 


1 _ ,„„2 — 'X®) = 2!.i(gi + ig.,) = 2(ig (83. 1) 


-7—: 1 + ma^ 

X9(a) — CT - ^'(<j) — 4,(0) = 2(x(g, — ig^) = 2 y.g, ( 83 . 2 ) 


where g„ g, are the given components of displacement of points on the 
ellipse. 

At first, It will be assumed that the displacements remain bounded 

at infinity (i.c., A = Y === T = T' ^ 0) ; one then obtains in the same 
manner as in § 82 


9{q _ 


2|X 1 f g_da 

2‘rti J a — ^ 

Y 



ida_ „ _I_+ 

a — ^ — m 


?'(Q + 'j'(oo) 


(83.3) 

(83.4) 


If one leaves the value of 
be fulfilled apart from a 


4^(oo) arbitrary, the boundary condition will 
constant term. In order to determine tj/(oo). 


multiply both sides of (83.2) by - . — and integrate around v. This is 

27tt (T 

easily seen to give [cf. remarks following (82.5)] 



Y 


(83.5) 
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and the problem is solved for the case when the displacements are to be 
bounded at infinity. 

In the general case, assuming as before that T = F, i.e., that the rotation 
at infinity is zero, one has 


9(Q = TRl - 

- rRK + 


^ + ’'y , r. 

(83.6) 

Y.{X — iY\ 1 

“2.(1+ + 

(83.^7) 




Substituting these expressions in (83.1), one sees that <po(0 +0 

satisfy the same boundary condition as (p(Q and except that 2[x^ 
must now be replaced by 


= 2(i,g — TRlica 


whence follows 


1 m 

a 1 — wcT^ 

rR 


+ • 


X — iY 


+ m 


27r(x + 1) 1 


(83.8) 


2,xgo = 2y^ - FR - a - ) + 


+ r'i?cr 


X + iY 1 4* 
2 tc(x + 1 ) w 


(83.9) 


The values of 9o(0 and will be obtained from (83.3) and (83.4) 
by replacing 9, g, g by 90, So respectively. Thus (cf. § 82a:, 

example 1°) 


<Po(Q 


2ii l f g da „ R 

= + (Tm + r') --- , 

X 27t* J a — C 


(83.10) 




■ntj a — (. \ !, 


(1 + 


X + iY 


+ 


l+„,2 


^ 27r(x+ 1) ' Z^ — m X? — m 

where is determined by the following formula, obtained from 
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(83.5) and (83.9), 


'l'o(oo) = 


7zi . G 
Y 


'i 4- 

nij a 

Y 


m(X + iY) 
2it(x + 1) 


(83.12) 


It is easily verified that the above solution will be regular, if the function 
g, given on the contour, has a derivative satisfying the H condition. 

In the limiting case m = \, one obtains the solution of the second fun- 
damental problem for the infinite plane with a straight cut. 


§ 83a. Examples. 

1°. Uni-directional tension of an infinite plate 
with a rigid elliptic centre. Let the infinite plate with 



Fig. 39. 


a rigid elliptic centre, welded into it, be subject to uni-directional tension, 
as in § 82a, example 1° (Cf. Fig. 39). It will be assumed that no external 
forces, apart from those exerted by the surrounding material, act on 
the rigid kernel, and hence X = Y = 0. In the notation of § 82a, 
example 1°, one will have 

r = f = -^, r' = — 
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The applied tension may cause a (rigid) translation and rotation of the 
kernel. Since the translation may be eliminated by a rigid displacement 
of the entire system, it may be neglected and it may be assumed that 
the kernel rotates about its centre by an (unknown) angle e. The boundary 
values of the displacement components will thus be 


gi == _ £)., = + ex. 


(83.1a) 


so that 


g ~ te(x + ty) ~ iez = izR ^ ^ . g ~ — . i 


Further, .since 


2tzi .1 G — ^ 


■- /'(»+-”) * 
2m J \ c / 


C / G ■ 


izRm 


1 f g da izR 

---- 


2m j a — X, 


and, by (83.12), (po(oo) = obtains from (83.6), (83.7), (83.10) and 

(83.11), putting X = y = 0, 

9(0 = VRX. + (2[iwei + Tm -f- f') 


y-i. 




= T'RK + — J — 4 - rR (y — ~ ) + ( 83 . 2 a ) 

Z \x, o — m / 


- 1 4 niC? R 

4- {2iimet 4- Fw + T') - - - . - - 

c,® — m vX, 


There remains the determination of the angle e from the condition 
that the resultant moment of the forces, acting on the elliptic centre from 
the surrounding material, must vanish. This moment will be calculated 
by the help of (33.3). 

Since in the present case 9 ( 0 , 4'(0> hence 'i'lW* single- 
valued, the resultant moment Mg of the forces, actihg on the side of 
the rigid centre, will be equal to the increase of 9lxi(^) a complete 
circuit of the ellipse (in clockwise direction). Thus it will be sufficient 
to calculate the multi-valued term of 
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second formula of (83.2u) shows that, putting T = fl' + ,C' 
this multi-valued term is ^ tc , 


Hence 


M, = ( I + (l + i ]. (83,3u) 


The condition Mq = 0 thus gives 

e = sin 2a 

2(i(w2 ^ -) 


(83.4a) 


and the problem is solved. In the case of a circular centre (m = 0) 
the rotation is zero, while m the limiting case of the segment of a straight 
line, i.e., for a straight rigid reinforcement {m =-. i), it is 


p sin 2a 


(83.4'a) 


In the case of bi-uxtcil tension, wlien 


r' = o, 

one obviously will have e = 0 and 

+ (83.5U) 

2°. Case when the elliptic centre is not allowed 
to rotate. 

If under the conditions of the preceding example (uni-axial tension) 
the rigid elliptic kernel is restrained in its original position by a couple, 
then e = 0 and (83.2a) gives 

?(i:)=ari?i: + (rm + n-|-, 

+K) - ri^ + r«(-“ - '[±5-'?) + (r« + F) 


(83.6a) 
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The moment of the couple restraining the kernel is, by (83.3a), 


ilf„ = — 27rw i? 2 C' ^ 1 + — TtimR^ ( ’ + 7 ) (®3-7a) 


3°. Case when a couple with given moment acts 
on the elliptic kernel. 

It will be assumed that the stresses vanish at infinity. Then (83.2a) 
gives j 

2\imtRi 2|xe/?« / 1 + mX?\ i 

9(1:)=^^;^—, +ro= (83.'^) 


where by (83.3a) 




47t(lJj*(Wl + ^) 


\ 

(83.9a) 


4°. Case when a force acts on the centre of the 
elliptic kernel. 

It will be assumed that the stresses vanish at infinity. It is easily 
seen that the kernel does not rotate in this case. In fact, this is obvious 
from S 5 nnmetry considerations for the cases when the force acts along 
one of the axes of the ellipse ; the general case is then obtained as a com- 
bination of these two cases. Further, it may be assumed that the kernel, in 
general, remains in its original position (because this may always be 
brought about by a rigid displacement of the entire system). Hence 
one has in (83.10), (83.11) and (83.12): g = 0, T = F' = 0, whence it 
follows that 


<Po(Q = 0, 


,( (r\— 1 -f w® m{X + iY) 

~ 27r‘(x -f-' — m ' + 1)”’ 


where {X, Y) is the applied force; therefore, by (83.6) and (83.7), 




z-F/y 

27t(x -F 1) 


logi;. 


x(X^iy) X-^i Y 1 -FW» m{X +jy) 

27t(x -F 1) 27t(x -F 1) 1^* — w 27 c(x -F 1) 


§ 84. General solution of the fundamental problems for regions, 
mapped on to the circle by the help of polynomials. It is not ac- 
cidental that the solutions for the regions considered in the preceding 
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be obtained in eientert^tr^d .t. “T f 

by Cauchy type integrals Uovirtt ’ ?’ expressed 

J' y yy provided the mapping function 6>(Q is rational. 

a method of solution of the secLd fundamentll^"^hi ‘ T’ 

is a rational function. The oresent nif-fh i for the case when (a(Z) 

employed by these authors and is, in the AuthoT^s o methods 

first studied in the Author’s paocr 141 an i • pmion, much simpler. It was 

Autnor s paper [4] and given m greater detail in his paper [5], 

^ i»^‘^mental problem and in 

r‘'Xori *" “>'>■ ^ “ i“ < " 

“(?) - c.? + cff + . . . + (e, ^0, c. s4 0) (84.1) 

(i.e., the region S must be finite) ; c. cannot be zero, becanae WK) wonld 
vanish inside the circle and the transformation would not be single- 
vM and invertible. No gcnemlity is iost by omitting a constant tem 
I.e., It may be assumed that ^ = 0 corresponds to z = 0. 

In this case the functional equation (78.10), viz.. 


q)(r) J_.. <p'W'^5 , . . 

viy ^ ^ « a ( q , 

CO (a) cj — ^ 


27:i 


(84.2) 


which determines the function <p(Q, may be solved in an elementary 

and very simple manner. It will be remembered that the function A(D 
is given by 



Y 


(84.3) 


as in § 78, it will be assumed that / /, + i/g, given on y, has a derivative 

satisfying the JI condition. Further, a denotes a constant [a = (|)(0)j 
which has to be determined at the same time as ip(Q. In fact, this constant 
will be determined by the condition 9(0) — 0. If this condition is omitted 
(which may be done without influencing the stress distribution), the 
constant may be left arbitrary. 

In the present case co((T)/6)'(a) is the boundary value of the rational 

Theory of Elasticity 23 
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function 


ih * 


+ _ r„ Cl + • • • + cX”~^ 

. + + ... +nc„’ 


(84.4) 


holomorphic outside y (cf. § 63), except at ^ = oo where it has a pole 
of order n. Hence this function may be represented outside y in the fprm 

i-r,- = bX" + + ...+bX + bo b_X-’'-. m.5) 

Hd 

It should be noted that it is unnecessary for the deduction of the solutic^n 
up to the boundary to calculate all the coefficients of (84.5) : it is sufficient 
to determine only ho, b^, .... b„, and this is known to require only elementary 

algebraic operations. 

As a result of the fact that (xi{(7)joi'{a) has the above stated form the 
integral on the left-hand side of (84.2) can be calculated by elementary 
methods. In fact, (p'ic) is the boundary value of 9'(1/Q, holomorphic 
outside y (§ 76, 2°). Hence 


is the boundary value of 



holomorphic outside y except at ^ = oo where it has a pole of order 
not greater than n. Its principal part there will now be found. Remem- 
bering the condition cp(0) = 0, one has 

(p(Q = aX + aX^+ ... +aX”+ ... (I ^ |< 1) (84.6) 

{where only those terms which have been written down will, in fact, be re- 
quired) and hence 

9'(Q = -|- 2aX 4- ... -1- naX”~^ + • • • . 
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Thus, for K I > 1, 


where 


“(Q -,/l\ /i\ 

rVTx ^ [i)==^o + k,k + ... + + 0 (y). 


— ajf)y^ 4- nd„b„, 

K-i = ... -f (« _ 1) 


(84.7) 


(84.8) 


A’„ = dyb„ 

(the expression for is not required). 
Therefore, by (70.4'), 

1 f (a)dG 


/ -- -■ ^ A’„ -j- KZ + . . . + A C” 

to'((j) (ff — Q * ^ -I . 

and (84.2) gives directly 

<p(Q + « + Ao + + ... 4- A,,!:" = '- / • 

27tf j a — X, 


(84.9) 


(84.10) 


In this expression the constants 

« + Aq, Aj, . . . , A„ 

are, at present, still unknown; they must be determined from the con- 
ditions that <p(0) = 0 and that the constants a^, a^, occurring 

implicitly in the expression (84. 10) for (p(q by means of A^, Aj, . . . , A„, 
must represent the coefficients of (84.6). The.se conditions will now be 
formulated. Noting .that 

1 


1 ^ 

+ — - 4- -f 


one has 


or — ^ cr cr*^ 




fda 

G — t 


^0 + + -^2^^ + • • •, (84.1 1) 


2n 

^ i ^ "" 'in f ^ = 0, 1, 2, ... . (84.12) 


where 
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Comparing coefficients of 2^®, . . . , on both sides of (84. 10), one obtains 

the (w + 1) equations 

^ H” *^0 ~ (84.13) 

^ jfc* ^ = L 2, . . n. (84. 1 4) 


The equation (84.13) determines the value of (a + i^o). Further, 
substituting in (84.14) from (84.8), one finds the system 


^1 + + • • • + 


dn + = A 


(84.14'J 


which agrees with the system (63.6"). Putting and sep- 

arating real and imaginary parts, one obtains from (84.14') 2n linear 
equations with the 2n unknowns 

^ki ^ 1 , 2 , , , , , fl. 

(Instead of this system of equations one may construct the conjugate 
complex system in terms of d^.) 

This system must have a solution, provided the condition for the 
vanishing of the resulting moment of the external forces is satisfied, 
i.e., the condition 

r 

j (fidx + f^y) = 0; (84.15) 

I. 

in fact, it is known that under this condition the original problem has 
a solution, and hence the system (84.14') cannot be incompatible. In 
addition, it is clear on the basis of the uniqueness theorem that the system 
imder consideration completely determines the unknown constants, 
except for ai which is not completely determined. Actually, only the real 
part of «,/fc)'(0) is determined, while its imaginary part remains arbitrary, 
since it is known that the imaginary part of (pj'(O) = <p'(0)/w'(0) = «i/to'(0) 
is quite arbitrary. 

Thus one obtains (p(l^), satisfying (84.2) for a suitable value of the 
constant a, by fixing (arbitrarily) the imaginary part of a,/o)'(0) , by finding 
the quantities from (84.14'), by substituting these in the ex- 

pressions for Ki, . . .,K„ and by introducing these last values together with 
that of a -f jKj in (84. 10). (The value of a will be given by (84. 13) in which 
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Kq has a definite value, since has been found; however, it is not 
necessary to calculate this constant.) 

After this the function 4'(C) may be calculated from (78.8), viz.. 



/ da 


1 r to(ff) <f'{a)da 

2ni J w'(cfj a — ^ 


(«) 


in the present case the second integral on the right-hand side is expressed 
in finite form by In fact. 


- 7r\ ^ W 
to (a) 


is the boundary value of 






holomorphic inside y, except at ^ = 0; on the basis of (84.7), it is easily 
seen that one has inside y 


CO 


G) 


Hence, by (70.3), 


4- K„ -f- a holomorphic function. 


1 

2m 


- 1 - - 

i J co' 


0}{a)(f>'{a)da 


ii) 


(a){a-Q to'(g 


9%) 


K, 




and (a) gives 




f da 


f/v\ 1 ■^1 1 _|_ (OA 161 


2m J a — t 

Y 

The preceding results apply, with obvious insignificant modifications, 
to ihe case of an infinite region S mapped on to the circle ] ^ | < 1 by a 
function of the form 

“(0 = “ 1 “ + • • • 4 * 


(84.1') 
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The problem must first be reduced to the case when (p(^) and are 
holomorphic inside y (§ 78). Afterwards, the procedure stated above 
may be followed. In this case the solution becomes even simpler, because 
the system, analogous to (84.14'), will always have a (unique) solution 
without the supplementary condition (84.15). 


§ 85. Generalization to the case of transformations by means 
of rational functions. The cases of regions, mapped on to the circle by 
the help of polynomials and of functions of the form (84. 1 '), are particular 
cases of regions mapped by means of rational functions of general forrn. 
In this more general case the solution may be obtained by the sanli 
method as above; the only difference is that in this case one has, iri'^ 
general, to calculate roots of a certain algebraic equation. 

Consider again the functional equation (78.10), viz.. 


<P(Q + 


iTzi I ^ 


ti)((T) 


&)'{(t) 


-f- d 


^ A(^);{85A) 

t I a — L 


2TZt 


although the notation used here is the same as in the preceding section, 
the function is now a rational function of general form which trans- 
forms conformally the given region S on to the circle | ^ | < 1. In the 
case when 5 is infinite it will be assumed that the point z -- od cor- 
responds to the point ^ — 0. 

Also in the present case the integral on the left-hand side of (85.1) 
may be evaluated by elementary means, as it will now be proved. 

Consider the expression w((t)/(i>'((t) which is the boundary value of 
the rational function 

■Ci) 

<o'(Q ' 


Since ci>(^) may now have outside y poles other than at = oo, 13(1/11) 
may have poles inside y, and not only at the point 11 = 0, as it was the 
case in §84. The function c3(l/ll) cannot have poles outside and on y 
except at ^ = oo, because co(Q must be continuous inside and on y, 
except at 11 = 0 in the case when the region is infinite. Similarly, it will 
be remembered that w'(^) cannot have zeros inside or on y. 

Denote the poles of oj(ll), other than the pole 11 = oo (if it exists), by 
Cl. ^ 2 i • • •> llnl these poles are the roots of the algebraic equation 
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1/(0 (Q = 0 to which reference has been made earlier, and all of them will 
lie outside y. Then the poles of the function (o(l/Q, other than the pole 
= 0, will be 

t’ = r' — ^ 


all of which lie inside y. These points and, generally speaking, the point 
= O.will also be poles of the function co(1/Q/cl)'(Q which lie inside y. 
Hence this function may obviously be represented in the following 
manner : 




mo 

To + ^ 

/-I 


A-l / 


Wjfc 

y: . 


r-'b. 


(85.2) 


where Cq, ...,C(, (■*.[ are known constants, is a rational function, 
holomorphic inside and on y and vanishing at ^ 0, and .... m„ 

are the orders of the poles 0, . . . , respectively. 

Consider now the product 


= - 



9'(0- 


Obviously, this product represents a function, holomorphic inside y with 
the exclusion of the points 0, ...,!^b where it may have poles of 

order Wq, Wj, ...,w„ (but not higher), and hence it may be written 
in a form, analogous to (85.2), 


»«0 

o(i:) = Co 4 s 

i^t 


Cl ™ 

' 4 2 


Ci-i 




4 tioQ. 


(85.3) 


where Cg, Ci, C„i are constants and Qo(Q is a function, holomorphic 
inside y and vanishing for ^ =- 0. 

It is easily seen that the following important statement is true: the 
constants C, (i = 1, 2, . . ., Wq) are linear combinations (with known 
constant coefficients) of the quantities 

9'(0), <p''(0). ...,9<'"“'(0). {«) 


and the constants C^, are similar combinations of 

9%k)> ?"(0 k=l,2 «. 


ib) 
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These relations are readily written down. There exists an analogous 
combination for Cq, but this will not be required. 

Now consider the expression 

“(®) V 

<P (®) 

on the left-hand side of (85.1) which is the boundary value of 

By (85.3), this may be written in the form (remembering that == 1 

_/l\ _ "’o. « »»» CtXiV - /1\ 

f2(--) = 6’o + S6\r‘ + S S +i2o(---). (85.4) 

i-i fc-i i-i (Xk — w) 

where Qq ^ ~ ^ is holomorphic outside y and vanishes at — oo. The 

constants Ci, C^i are obviously linear combinations of quantities, con- 
jugate complex to (a) and (b). 

Applying (70.4'), one immediately obtains 


oi(a)<f'{a)da 


C t o(g)y ( 

7 Itm (<t 


2niJ oi'(a)(<T-Q 


_ mo _ n nil, C'tiXlU 

Co -f 2 W -h S 2 

1^1 Q 


It is easily seen that the expression 


_ w vijc Cj.Zi'C^ 

Co + s C,?' + s £ 

I-I fc-ii-i {Xk — XV 

may be written in the form 

TOo_ » mt cl, 

Ci + SC,!:«-|-£ £ 

1-1 fc-1 l-l (<. — w 

where Cq, are constants, i.e., using the notation of § 70, in the form 
GoolO + GiiX) -H . . . -f G„{K). 

Substituting this expression in the left-hand side of (85.1), one finally 
obtains 

»»o n n,T}T^ 

9ra + « + C'o + S^,i;‘-hS 2 7 L -— 4 ,r = ^(?:). (85.5) 
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From this follows an expression for (p(^) as a function holomorphic 
inside y (and continuous up to y), because the points lie outside y. 

It remains to formulate the condition that the quantities {a) and (6), 
linear combinations of which are the coefficients Cj and C„i, actually 
are the relevant derivatives of <p(Q, as determined by (85.5), at the cor- 
responding points and that (p(0) = 0. The last condition gives 

d + C\ = A{0). (85.6) 

The other conditions are also easily found by differentiating (85.5) 
correspondingly often and by substituting for ^ the values 0, 

For example, one must have 

<p'(0) + t?, + 2 ^.1 = ^'(0), 

A-T 

etc. Thus one deduces a system of linear equations (with constant co- 
efficients) in the unknown quantities (a), (b) and their conjugate complex 
values. This system (cf. § 84) will have a unique solution, if, in the case of 
finite regions, the imaginary part of (p'(0)/a)'(0) is fixed arbitrarily and 
if, in the same case, the following condition is satisfied: 

/* 

|^(/,dx + /^y)^0, (85.7) 


which is necessary for the existence of the solution of the problem. 

The coefficients d and Cg only occur in (85.6) which determines the 
sum d -j- C„; there is no need to determine these quantities separately, 
since (85.5) only contains their sum. 

Having found (p(Q, the function 4'(Q may be found from (78.8), viz., 

un _ ^ f ^ f 9'(g)^g 

T Y 


whence, taking into consideration that — <p'(a) is the boundary 

CO (a) 

value of the function £I(^), one obtains directly 


m= 


_L. f 

27ct j a — 


m Cl ” Cv 


; _ <p'(0 + s - -f -f S S yrzkr- (85-8) 


Thus the problem is solved. In the case of infinite regions, it is sometimes 
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more convenient (mainly for the sake ot clarity) to use the transformation 
on to the region | | > 1 ; but this is not always so, since the method 

used here is equally applicable to finite and infinite regions. With obvious 
minor modifications, the above reasoning will also apply to that method 
of conformal mapping. 

NOTE. The method of solution, discussed above, may be somewhat 
modified, and in some concrete cases this may lead to considerabW 
simplifications. For example, it will sometimes be profitable to multiply 
beforehand both sides of the boundary condition by a conveniently! 
chosen polynomial. One such method was stated in the earlier editions \ 
of this book; generally speaking, it leads in the end to about the same \ 
amount of computations as the present method, although in certain 
individual cases it simplifies the calculations. 

§ 86. Solution of the second fundamental problem. On the 
solution of the mixed fundamental problem. In the preceding 
sections the first fundamental problem has been considered for the sake 
of definiteness. However, comparing the boundary conditions of the 
first and second fundamental problems in the form given in § 78, it 
becomes clear that the above methods of solution may, almost without 
any change, be transferred to the case of the second fundamental problem. 
Hence there is no necessity to restate the method separately for appli- 
cations to the second fundamental problem. 

The solution of the mixed fundamental problem is somewhat more 
compheated; however, in this case too, effective solution can be achieved 
by elementary means when, as in the preceding sections, the transforming 
function a)(Q is rational. Such a solution was stated by D. I. Sherman 
[10]. However, no time will be devoted to this problem here, since a 
simpler method will be studied in the next Part. 

§ 87. Other methods of solution of the fundamental problems. 

Reverting to the first fundamental problem, attention will now be 
drawn to the fact that in some cases it is practically more convenient 
to start from the boundary condition (51.3) rather than from (51.1); 
this condition may be written 


[d>(cT) -p <l>(cr)]to'((T) — cr®[(«)((T) O'(ff) -f- w'(<i)'F((t)] = [pp — * p9']<«>'(<i) (87.1) 
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or 

[<!>{a) + 0((T)]co'(a) —g^[o^(g) W(^) + =- [pp + e^]o)'(cy). (87.2) 

When co(Q is a rational function, the method of § 85 again leads to an 
elementary solution. On the basis of the work of that section, its ap- 
plication is so obvious that no space will be wasted on details (cf. N. I. 
Muskhelishvili [5] for a detailed study) ; however, a simple example will 
be presented in the next section. It should only be noted that this method 
is particularly convenient in tlie case when the region, occupied by the 
body, is infinite, because in that case ^(J^) and are not single-valued, 
whereas <I>(Q and T(C) are holomorphic throughout the region under 
consideration. 

Similarly, the method of solution of the second fundamental problem 
may be modified by replacing the boundary condition (78.15), which 
may be rewritten 

~ 2ii.(gi + tgi), (87.3) 

by a condition obtained by differentiation of (87.3) with respect to 9-; 
noting that a =-■- e'^ and multiplying the differentiated equation by 
( — ie '**), one thus finds 

[x<I>((t) — <I>((T)](o'(a’) + 5*[<o(CT)<i>'((T) + w'(or) H^(cr)] = 



§ 87a. Example. 

Solution of the first fundamental problem for 
an infinite plane with a circular hole*). 

In this case let 

r =. a>(i:) = (87.1a) 

where R is the radius of the hole, i.c., the region is mapped on | C 1 > 1- 
The boundary condition (87.1) then takes the form 

<I>(®) + <I>(a) — (tO'(<j) — (t®*F((t) — N — iT, (87.2a) 

where N and T are the normal and tangential external stresses with the 
same sign convention as in § 56 (in fact, N is the projection of the external 
stress on the normal n to the circle, directed toward,^ the centre, while T 

*) This problt^tu has been solved by another method in § 56. 
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is the projection on the tangent, directed to the left when looking along n). 

For the sake of simplicity, it will be assumed that the stresses vanish 
at infinity. Then T(Q are not only holomorphic outside y, including 
the point at infinity, but they also vanish at infinity, if it is assumed that 
the rotation there is zero. Thus, for large 1 ^ |, 

m=Y + oQi). = + (87.3») 

in addition, if the displacements are to be single-vaJued, the conditioA 

xfli -f == 0 (87.3'a)^ 

must also be satisfied, [cf. (56.6) ; and may be determined before- \ 
hand (cf. § 56), but this will not be done here.] 

Calculations may be somewhat simplified by multiplying both sides 
of (87.2a) by this gives 

1 <D(a) + 1 ^ _ <D'(a) — aT(cT) = — (X„ — iY^) {B7.4a) 

a a 


or, going to the conjugate complex expression, 

<t«>((t) -f ffO(o) — <D'((t) — ?F(ct) = — (X„ + iY„). (87.5«) 

because, as is easily verified, 

N — iT = — (X„ — iY„)e^^. (87.6a) 


Formulating now the condition that 0 ^( 0 ), as determined by (87.4«), 
is the boundary value of ^(1^), holomorphic outside y, one obtains by 
(76.13) 


1 

2m . 

Y 


rf 


att>(a)da 


1 


2m 


+ 


1 

f <t>'(a)da 

2m . 

1 a-i 


■ + iY, 

2ni J 

a-i: 


+ 


d(j = 0. (67.7a) 


where ^ is some point outside y. or 




da = 0, 


0 - 1 : 
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whence finally 




2T:il . 


/ Xn + n j 

_ f do + ~ " 

ZJ a — t t 


{67,6a) 


In transforming (87.7a), use has been made of the formulae of § 70 and of the 
fact that oO(ct) is the boundary value of holomorphic outside y equal 

to Ui for ^ — 03, and that a^>(a), <I»'(a) are the boundary values of ^<[>(1/0, 
holomorphic inside y* 

The constant is not determined by the functional equation (87.7a) 
which will be satisfied by the expression found for O(J^) for any value 
of a^; in fact, expressing that on the right-hand side of (87.8a) is 
the coefficient of in the expansion for 0(C) > one obtains the identity 
a-i “ a^. However, this was to be expected, since, for the present, no 
consideration has been given to the condition of single-valuedness of the 
displacements. 

Next, the function C'F(C) will be determined. Its boundary value is 
known from (87.4a), if 0(C) is replaced by (87.8a). In order to find C'f*(C) 
from Cauchy's formula, one has to know its value a^ for C = oo; this 
value may be found from (87.4a) by multiplying it by dallnia and by 
integrating around y which gives 

2tc 

f ^X.-iY.) *’ = j (X.-. Y,)-» = <«> 

where {X, Y) is the resultant vector of the external forces, applied to 
the edge of the hole. 

The following considerations lead to {^')‘ are the boundary 

values of functions, holomorphic outside y and vanishing at infinity like ^ , 

hence the corresponding integrals are zero. P'urther, — 0(a) is the boundary value 

of 1- $ (-*-) holomorphic inside y. except for ? - 0, where it has a simple pole 

with the principal part SJl. Finally, Y(a) is the boundary value of a function, 
holomorphic outside y and having, for large | C |, the form 



The quantities a, and a[ may now be determined from (87.3'fl) and 
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{a); in fact, 


X + iY 
27ri?(l y.) 




(87.9a) 


Applying Cauchy’s formula to determine from its boundary value 
as given by (87.4a), one finds 

2niiJ G — t i 


Thus the problem is solved by (87.8a) and (87.10a), where and a[\^ 
have the values given by (87.9a). 

As a simple example consider the case when a uniformly distributed 
force, parallel to the Ox axis, acts on the right-hand half ( — 7t/2 < f> < ti/ 2) 
of the hole, while the other half is free from stresses. This problem was 
solved directly in the above-mentioned paper [1] by D. M. Volkov and 
A. N. Nazarov who did not deduce general formulae of the type (87.8a) 
and (87.10a), 


In this case 


x„==p for — 2 < - , 

X„ — 0 for the remaining values of 

Y„ = 0 for all H. 


Hence 


X = R Xnd^==-KRp. y = o. 


and therefore 


P 

2(1 + y) 


yp 

2(1 + x) 


Since Y„ — 0, the integrals in (87.8a) and (87.10a) are equal to 


XJa f da 

^ j 


da 

T-ct’ 


where the last integral must be taken along the right-hand semi-circle in 
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the positive direction, so that 

^[log — ff)]“ r l.i = f log ^-4 

Y 

for a suitably chosen branch of the logarithmic function. 

Substituting this value in {87.8a) and (87.10a), closed expressions are 
obtained for <I>(Q and but it is unnecessary to write them down 

here. 

§ 88. Further examples. Application to some other boundary 
problems. 

1°. The method of solution of §§84 — 87 is applicable, in ])articular, 
to all those simply-connected regions for which the conformal transfor- 
mations on to the circle have been stated in § 48. 

The case of the infinite plane with an elliptic hole which is one of the 
examj)les of § 48 has been considered in detail in §§ 82, 83. 

The case of finite regions, bounded by Pascal's lima^on, has been 
studied in § 63 as an application of the method of series expansions ; 
application of the method of § 82 leads much faster to the final results. It 
will be left to the reader to solve the fundamental problems for this case 
by use of the method of § 82. 

The case of the infinite plane with hypotrochoidal holes (cf. § 48, 4'') 
has been studied in detail by G. S. Shapiro [1] who applied the method 
of § 82 to several practically important problems (cf. also reference in 
§ 89 to the work of G. N. Savin). 

The solution of the first fundamental problem for regions, bounded 
by Booth's Icmni.scates (§ 48, 6*^), was obtained by G. N. Bukharinov [1] 
by means of the method stated in § 85. 

Several other examples which are of greater interest from the point 
of view of application will be stated in the next section. 

2'". The problem of frictionless contact between an elastic and a rigid 
body under mutual pressure may also be easily solved by a method, 
analogous to that of §§ 84 — 87, provided the region, occupied by the ela,stic 
body, can be mapped on to the circle by means of a rational function. The 
solution of the problem by such a method was given by the Author in 
his paper [19] and it was studied in detail in the earlier editions of this 
book. A simpler solution of this problem will be presented in the next 
Part (§ 128). 
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3°. As has already been stated in § 79a, the problem of bending of 
plates under the influence of lateral loads reduces, in the case when the 
edges of the plate are clamped, to the fundamental biharmonic problem, 
i.e., to the same boundary problem as the first fundamental problem of 
the plane theory of elasticity, while in the case of free edges it leads to 
the same boundary problem as the second fundamental problem. Hence, 
if the region occupied by the plate is mapped on the circle by means of 
a rational function, the present method of solution may immediately 
be applied to the above two problems. 

A. I. Lourie [1] has shown that the method of the preccdin 
sections will also apply to plates with supported edges, if the regio^ 
occupied by the plate can be mapped on to the circle by means of ' 
polynomials. It is not difficult to generalize his method to the case of 
transformation by means of rational functions. 

In another paper, A. I. Lourie [2] gives the solution of the problem of 
bending of circular plates for all the three above-mentioned edge con- 
ditions. 

Note also the recently published note by M. M. Friedman [1] on the 
bending of plates with curvilinear holes. 

Finally, it should be mentioned that it has recently been shown by 
L. A. Galin [3] that the method of complex representation in conjunction 
with complex transformation also allows the effective solution of some 
boundary problems in those cases where parts of the body are subject 
to plastic deformation; generally speaking, problems of this type are’ 
very complicated, since the line of division of the clastic and plastic 
regions is not known beforehand. 

§ 89. Application to the approximate solution of the general 
case. The above method of solution may also be applied successfully 
to the approximate solution of the fundamental proWems for simply- 
connected regions, bounded by practically arbitrary contours. It will now 
be indicated how this can be done and it will be necessary for this purpose 
to repeat some of the statements made at the end of § 63. 

Let 5 be a given region bounded by one simple contour L and let 

z = (89.1) 

map the region S on to the circle | ^ | < 1 . It will first be assumed that 
S is finite. Then w(^) is holomorphic for | [ < 1 , and hence it may be 
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expanded, for the stated values of 1^, in a series of the form 

o>(!:) - Cit: + + . . . ; (89.2) 

it has been assumed here that Cq = co(0) ^ 0, but this is, of course, not 
essential. 

If one only retains the first n terms of (89.2), i.e., if one takes instead 
of 6>(2^) the polynomial 

+ . . . + ( 89 . 3 ) 

then 

- C^niK) (89.4) 

will map on to the circle | ^ | < I some region S„, and not S. If one takes 
n sufficiently large, the region 5„ will be as close as one pleases to the 
region S ; it has already been indicated in § 63 that this will be so for 
known, very general conditions referring to the contour L. In practice, 
it is usually sufficient to retain only a small number of terms in the 
expansion (89.2), in order to obtain a region, sufficiently close to 5. 

In very many cases even a crude approximation is sufficient. For 
example, if one is dealing with frequently occurring practical applications 
of the equations of the theory of elasticity to bodies such as rock stratas 
which are far from being homogeneous, it is clear that in such cases 
great accuracy is unjustifiable. Thus one may practically solve a given 
problem for the regions by retaining a number of terms in (89.2) which 
will be sufficient for the stated purpose, and the solution will represent an 
approximate solution for the original region S. 

In the case of infinite regions, one has instead of (89.2) an expansion of 
the form 

<o(Q = + ... (89.2') 

(assuming Cq = 0) and instead of (89.3) 

o„(o = + c,?: + + . . . + . (89.3') 

and the earlier statements will again apply. 

Naturally, any other expansion in a series of rational functions can 
be used for <0(0 instead of these power series. It may be proved that 

24 

Theory of Elasticity 
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under known, general assumptions with regard to the contour L and to 
the selected method of expansion, the solutions for the regions 5„ will 
tend to the solution for the given region S, when n oo; the proof is 
given in the Author's paper [6] and, for more general conditions, in a paper 
by D. I. Sherman [5]. 

It will only be noted that the method of api)roximate solution 
gives good results even in cases when L is not smooth, but has corners 
(angular points), e.g. when L is a polygon. In order to transform regions, 
bounded by straight line segments, on to the circle, the known Schwarz- 
Christoffel formula may be used. \ 

The above method was applied successfully by G. N. Savin to tne 
solution of a number of practically important problems. Referring the 
reader to the books by G. N. Savin [1, 2], and also to the paper by A. 1^. 
Dinnik, A. B. Morgaevski and G. N. Savin [1], only two examples taken 
from Savin [1] will be discussed here which show clearly the practical 
usefulness of this interesting method. 

As a first example consider the region, represented by the infinite 
plane with a hole in the form of an equilateral triangle. In this case the 
mapping function may be written in the form 

/* . dt 

to(Q = — A I (1 + - - + const., 

1 

where .4 is a real constant determining the dimen.sions of the triangle. 
Expanding in a power series, one finds for a suitable choice of the arbitrary 
constant 



By retaining the first two or three terms of this expansion one obtains 
instead of the triangle the contours illustrated in Figs. 40 or 41 re- 
spectively. 

As a second example consider the infinite plane with a square hole. 
In this case 

5 

I , dt 

(a(Q = —A J (I + t*)i~ + const., 

1 
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where A determines the dimensions of the square. Expanding in a 
power series and choosing the appropriate value for the arbitrary constant, 
one finds 



The contours corresponding to the retention of the first 2, 3 and 4 terms 
of this expansion are shown in Figs. 42, 43, 44. 

It is seen that an approximation, sufficiently good for most purposes, 
is given by three terms. By a slight modification of the coefficients of the 
terms retained even better approximations may be obtained; practical 
methods for deducing better approximations have been evolved by 
M. I. Naiman in a paper which has not yet been published. G. N. Savin 
also considers in detail the case of holes with straight sides of different 
lengths. 

In order to avoid any later reference to this problem, it will be noted 
here that the above methods may likewise be applied to the semi-infinite 
regions considered in the next chapter. 

Finally, it should be stated that these methods of approximate solution 
can also be applied successfully to regions bounded by several contours, 
if they are combined with the so-called “alternating method” (“Schwarz 
algorithm”) or the method of successive approximation, analogous to 
that used by Schwarz in solving Dirichlet's problem. This method admits 
reduction of a given boundary problem for regions, bounded by several 
contours, to the successive solution of the same problem for several 
regions, each bounded by a single contour, for successively var 5 dng 
boundary conditions. An infinite number of such operations is required 
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for the exact solution, but practically useful approximate solutions may 
be obtained after a finite number of steps. Each separate problem for 
a region bounded by one contour may likewise be solved approximately, 
using the above method. 

It should be noted that the method of successive approximation has 
been developed by S. G. Mikhlin [5, 9, 13] and by D. I. Sherman [5]; 
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a study of their results may be found in Mikhlin’s book [13]. Note also the 
work of A. Ya. Gorgidze [1, 2]. A convergence proof of the Schwarz algo- 
rithm for very general conditions has been given by S. L. Sobolev [2]. 

The method of successive approximation was applied by S. G. Mikhlin 
[4] to the solution of the first fundamental problem for a half-plane with 
an elUptic hole. This problem has been solved by D. I. Sherman [4] 
using a different method. 






Chapter 16 


SOLUTION OF THE FUNDAMENTAL PROBLEMS FOR THE 
HALF-PLANE AND FOR SEMI-INFINITE REGIONS 

Hitherto consideration has been restricted to regions bounded by 
(finite) contours. The study of the case where the boundary is an open 
line, extending to infinity in both directions (“semi-infinite region”), 
does not meet with any essentially new difficulties. In certain cases it 
is convenient to map the region under consideration on to the half- 
plane rather than on to the circle (there being, of course, no essential 
difference between these two methods). The general case will not be 
considered in the present chapter; only the solution of the fundamental 
problems for the half-plane and for certain definite semi-infinite regions 
will be treated. The general case of semi-infinite regions has been studied 
by S. G. Mikhlin [7]. 


§ 90. General formulae and propositions for the half-plane. 

Let the region S, occupied by the body, consist of the “lower” half- 
plane (Fig. 45) bounded by the 
Ox axis, i.e., of the points 
y < 0. In §§ 90, 91 temporary 
use will be made of the no- 
tation of Chap. 5, i.e., 

<p(2), ^(.), (D(^), ^(2) 

will again be written instead 
of cpi(z), ;};i(z) etc. 

It will be assumed that the 
stress components satisfy those 
conditions of continuity and 
differentiability which apply throughout the preceding work, and thkt 
they tend to zero as z -> oo. If the boundary of the region S did not 
extend to infinity, but were instead a circle, it would follow from these 
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conditions that O and T would have the forms 


/ / 



for large | z | {assuming here and in what follows that the rotation vanishes 
at infinity, cf. § 36.) 

In the present case the condition will be imposed that the function? 
<I> and Y may be repre.sented for large | z | by 1 



where y a^nd y' are constants. (With regard to this choice, see also the 
Note at the end of § 93.) 

In addition, the functions 0(2) and Y(2) will be holomorphic in every 
finite region, contained in S. 

The following conditions may be added to (90.1): 

9(2) = Y log ^ + 0(1) + const., 

41(2:) = y' log z + o(l) + const.; 

in these formulae one definite branch of the multi-valued function log 2 
must be selected, e.g. log | 2 | + where ^ (argument of 2) varies 
from — 7t to -f 7c. 


It will be remembered that the symbols o (\lz) and o(\) denote quantities such 
that 

|o |o(l)|<e. 

\ 2 / I 2 I 

where e only depends on | 2 | and e -► 0 as | 2 | -> 00. The condition (90.2) would 
follow from (90.1) by an integration, provided one had on the right-hand sides of 
(90.1) o (1/2^+**) instead of (I/ 2 ), where p is a positive constant (which is arbi- 
trarily small). 

Finally, the further condition will be introduced: the resultant vector 
of the external forces, applied to a segment AB of the Ox axis, tends to a 
definite limit as A and B move to infinity {A towards the left and B 
towards the right). This condition will always be satisfied, if only a finite 
part of the boundary is loaded. 
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This last condition will now be formulated mathematically. If X' , Y' 
are the components of the resultant vector of the external forces, applied 
to AB, then one has by (33.1) 


where 


A" -f iY' = + i 


rdu .duy^ 


(90.3) 


du . du 

dx ^ dy 


(p(z) + Z({,'{z) + (};(2) = 9 (z) -f 20(2) + 4^(2). (90.4) 


(The positive sign has been chosen on the right-hand side of (90.3), 
since the region 5 lies on the right, and not on the left, as one moves 
from A to B.) 

Wlien calculating the increase of the left-hand side of (90.3) for the 
transition from A to B, one may, instead of moving along the straight 
line AB, follow any curve which lies in S, e.g. the semi-circle ACB 
(cf. Fig. 45.). 

If A and B lie sufficiently far away and on different sides of 0, 
then (90.1), (90.2) and (90.4) give 

fdU dUy^ r" r" 

Ldx ^ 0>rj ^ r' 

where r' and r” are the distances of A and B from 0 and e is arbitrarily 
small (and tends to zero as r', r" increase). In order that the preceding 
expression will remain finite for any abitrarily large r’ and r” (indepen- 
dent of each other), it is obviously necessary and sufficient that 

Y -1- y' = 0. (90.5) 

Under this condition the vector (A, Y) of the external forces, applied 
to the whole of the Ox axis, will be given by 

X + iY = i -b *• -~] ' " = - 72 (y - Y') • (90.6) 


It follows from (90.5) and (90.6) that 


X + iY 
2n 


X — iY 

27C 


(90.7) 
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Hence one has finally for large | 2 | : 

(t)’ = 




X — iY 
2t:z 


+ 


»(v). 


X + iY 
2nz^ 


f(z) = 


X + iY 


2n 

X~iV 

2 ?: 


“(i)' 

log 2 + o(l) + const., 
log z + o(l) + const. 


(90. r) 


(90.2') , 


Note also that under the above conditions the stress components 

will be of order 0(1/2), while the displacements will have for large | z | 
the form 

_ _ 2 

2ii(u + iv) = xy log 2 — y' log i — y -- + 0 ( 1 ) + const. = 

^ (90.8) 

x(X + iY) , X + iY , _ X — iY z 

= log 2 — log 2 + — + 0(1) + const. 

27z 27z 2tc Ai 


If X = y = 0 , then Xg, Yy, Xy will be of order o{\jz) and u + iv will be 
bounded. 

The same fundamental problem may be set for the region S as for the 
regions considered in the earlier chapters of this Part. One has only to 
give special consideration to the fact that the behaviour of those quanti- 
ties which are given on the boundaries should be in agreement at infinity 
with the conditions imposed above. 

In the first fundamental problem the quantities Yy = N{t) and Xy = T{t) 
will be given on the axis Ox as functions of the abscissae t. On the basis 
of (90.1'), it is easily found that for large 1 1 \ 

r = o(l). (90.9) 

In the second fundamental problem the functions u and v, given on Ox, 
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must satisfy by (90.8) the conditions 
X "4“ 1 

2 |i,(M + iv) = — ( X iY) log i -f c -f o(l) for t > 0 , 

2tc 

2[x(«< + iv) = — + iY) log I / 1 -f c -f (90.10) 

+ — + o(l) for t < 0 , 

ZTT 

where c is a constant. 

The reader will easily establish analogous conditions for the mixed 
jtmdamental problem. 

In the cases of the second fundamental and of the mixed problems the 
quantities X, Y will be assumed known. 

It is easily proved that under these conditions the fundamental problems 
have a unique solution. The proof is quite analogous to that given in 
§ 40 for the case of infinite regions, and for this reason it will not be 
repeated. 

NOTE. 1. The formulae (90.1), (90.2) or (90.1'), (90.2') may be 
replaced by others which are more convenient for the study of the 
behaviour of the functions under consideration near the boundary. 
For example, one may obviously write instead of (90.2') 


9(^) = — ^ log {z — Zq) + (p*(z) + const., 

27Z 

Y 

<|;(2) = — log (Z — Zo) + + const.. 


(90.2") 


where is an arbitrarily fixed point outside S (i.e., a point of the upper 
half-plane) and 9* (2), (J;*(2) are functions, holomorphic in S and of order 
0(1) for large | z |. 

NOTE. 2. On concentrated forces applied to the 
boundary. 

If one retains only the first terras in the formulae (90.2'), i.e., if one 
writes 

9(2) log 'i’W = log 2 (90. 1 1 ) 
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and applies them to the whole half-plane S, then it is easily seen that they 
correspond to the effect of a concentrated force {X, Y) applied to the 
boundary at the origin. In fact, for a circuit along an infinitely small 
semi-circle below 0, the expression dU/dx+i dU/dy increases by i{X-\-iY), 
and hence the resultant vector of the forces, applied (from above) to this 
semi-circle, equals {X, Y) ; further, it may be shown that the resultant 
moment of the same forces about the origin is zero. 

The components of stress and displacement corresponding to these 
functions <p and i.e., to the effect of concentrated forces, may be cal- 
culated by means of the general formulae of § 32 or § 39. For example, 
one has by § 39 for the polar components of stress 

rr 4- = 49f(p'(2) = — 49i — — ^ — e (X cos 0^ -f- Y sin ^), 

2izr Ttr 

^ ^ -f 2iri = 2 [z<p"( 2) -f ^ ^ {X cos -f Y sin d), 

nr 

whence 

rr — {X cos S' -f- Y sin S), SS — 0, rS = 0. (90.12) 

nr 

This solution of the problem of the effect of a concentrated force on 
the boundary agrees in essence with the solution found by Flamant 
(Cf. A. E. H. Love [1] §§ 149, 150). This problem is the two-dimensional 
analogue of the problem of the effect of a concentrated force on the 
boundary of a body, occupying the half-space (the boundary of which 
is an unbounded plane), i.e., of the so-called problem of Boussinesq. 

§ 91. The general formulae for semi-infinite regions. Next 
consider semi-infinite regions and the generalization of the formulae 
of the preceding section to this case. Let L be the boundary of the region 
S whicji is a simple open line extending in both directions to infinity. 
The line L divides the plane into two parts one of which is 5 ; the second 
part will be denoted by S'. The positive direction on L will be chosen in 
such a way that it leaves S on the left. 

It will be assumed that the line L has the following property: if 
is some fixed point, the rays linking Mq to two points A and B 

of L tend to definite positions as A and B move to infinity along L in 
opposite directions. 
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Let n(ilfo) be the (signed) angle covered by the ray M^M as the point 
M, moving along L in the positive direction, describes the entire line. 
It will be said that n(Afo) is the angle subtended by L at M,,. It is easily 
seen that the magnitude of 11 (Mq) will be the same for all points on one 
side of L and that the angles II, 11' subtended by L at points lying 
in S and S' respectively are related by the condition 

n — n' = 27t. (91.1) 

For example, if S is the lower half-plane, its boundary L is the Ox axis, 
but the positive direction of L is the negative Ox direction (because S 
must lie on the left for motion in that direction). Then, for points 
of the lower half-plane, one has 11 = tt, while for points Mq of the upper 
half-plane IT — — tt. 

In the present case of semi-infinite regions it will be assumed that 
the functions 0 ( 2 ), 'F( 2 ), 0 '( 2 ) are also subject to the condition that for 
large | z | (cf. § 90) 


or, what is the same thing. 



where Zg is some (arbitrarily) fixed point of S' (i.e., not in S); in (91.2) 
0 ( 1 / 2 ), o{\lz^) are symbols for functions, holomorphic in S and having 
for large | 2 | the indicated order. 

The following may still be added to these conditions (cf . § 90) ; 


9(2) = Y log (2 — 2o) + o(l) -f const., 
tl;(2) = y' log (2 — 2o) -f o(l) -h const. ; 


here o(l) is the symbol for a function, holomorphic in S and tending to 
zero as I 2 I -> 00 . 

As in the preceding .section, it will also be assumed that the resultant 
vector of the external forces, applied to an arc AB of L, tends to the 
definite limit {X, Y) as the points A and B move to infinity in opposite 
directions. 



380 


V. SOLUTION OF BOUNDARY PROBLEMS 


§92 


In the present case one finds instead of (90.3') the formula 
p orj 7)TJ r'* 

L ^ ^ + 

+ y'log~ ^n'i + e (91.3') 

Y 


where one may move along L, since Zq does not lie on this line, and where, , 
as above, 11' is the angle subtended by L at points of S', while a, p are 
the (signed) angles between the Ox axis and the limiting positions of \ 
the rays M^A and MqB, drawn from some fixed point Mq, as A and B ^ 
move to infinity along L, the first in the negative and the second in the 
positive direction; r' and y" are the distances of from A and B re- 
spectively and e is a quantity tending to zero as A and B move to infinity. 
Clearly, one may assume 

P — a - n'. (91.4) 

As in the preceding section, the conclusion is drawn that one must have 

y + f'-O (91.5) 

and that 

X + iY = i = (y_7')n'- 

or, using (91.5), 

X + iY = 2\i'y — f («*'■» — c*>“)y. (91.6) 

In the analogous formulae of the preceding section it had been assumed that the 
boundary of S was described in the negative direction; hence one had to take 


r w 


r dU 

dU-\ 


-f i instead of - 

f- 1 



L dx 

dy J_oo 

L tx 

By J 


It will now be assumed that O' 0, i.e., that II 2tz. Then, adding 
to (91.6) the relation obtained by transition to the conjugate complex 
expression and solving for y and y, one finds 


Y = 

and, by (91.5), 

y' = 


2n'(A: + iY) + — ««<“) {X — iY) 

4(n'* — sin*n') 

2W{X — iY) — — c-**“) {X + iY) 


4(n'* — sin^n') 


(91.7) 


(91.8) 
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In deducing these formulae it has been assumed that U' 0. If 
n' 0, then (91.6) gives X = Y ^ 0, This shows that for IF = 0 it 
is necessary for the existence of a solution under the above conditions 
that the resultant vector of the external forces, applied to the boundary, 
be zero. 

§ 92. Basic formulae, connected with conformal transformation 
on to the half-plane. It is convenient for the solution of problems of 
the theory of elasticity for semi-infinite regions to make use of trans- 
formations on the half-plane rather than on the circle. (As stated earlier, 
there is no difference in principle between the two approaches.) 

As for transformations on to the circle, it is advantageous to introduce 
on the z plane of the elastic body curvilinear coordinates, related to the 
transformation. 

As before, denote the region under consideration by S and its boundary 
by L. Let 

^.-=co(Q, {z^x + ty. + (92.1) 

be the function mapping 5 onto the lower half of the C plane, i.e., onto 
the half-plane y] < 0, so that finite points correspond to finite points. 




Fig. 46a. Lig. 46b. 


Straight lines yj = const., lying in this half-plane, obviously correspond 
in the 5 region to some open lines which go to infinity at both ends; 
these lines will be denoted by (^). Similarly, the semi-infinite straight 
lines 5 = const, in the lower half of the ^ plane correspond in S to lines (yj) 
which begin on L and go to infinity (Figs. 46a, 466). 
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Since in 5 a completely definite point z — + itj) of the z plane 

corresponds to every pair (^, yj) for yj < 0, the quantities ^ and tj may 
be conceived as curvilinear coordinates in the z plane. The lines (^) 
and (yj) form an orthogonal net of coordinate lines. 

Let z be some point of S. Draw at z the tangents to the lines (^), (yj) 
in the directions of increasing ^ and y). These tangents which will likewise 
be denoted by (^) and (yj) will represent the axes of the curvilinear coor- 
dinates at the point z (Fig. 46fl) ; all this is quite analogous to the procedure; 
in § 49. ^ 

Let A be some vector starting from the point 2 — (^ -|- ?y]) and let 
Ay he its projections on the axes Ox, Oy and A^, A^ its projections ' 
on the axes (^) and (yj). As in § 49, ' 

A^ + iA^-^e-^‘‘{A,, + iAy). (92.2) 

where a is the angle between the axes (^) and Ox, measured from Ox 
in the positive direction. 

In order to determine the point z will be given a displacement dz 
in the direction (5); the corresponding point X, will then undergo a dis- 
placement > 0 in the direction ^ of the C plane. Obviously 

dz^\dz |«'“ = I <o'(?:) dz - i^'{X,)dl, 

whence 


-'(^L 

■“ I a>'(g i ’ I a,'(g 1 • 

Thus one obtains 

A^-\-iA^ = j-^^{A.A-iAy). 


(92.3) 


(92.2') 


Denote by v^, the components of displacement and by y)Y), ^yj 
the components of stress in the (^), (y)) directions of the curvilinear 
coordinate system. By (92.2'), 


= I , - (« + *■«') . (92.4) 

I « (C) I 

where u, v are the components of displacement with respect to Ox, Oy. 
By § 8, the following relations hold between the stress components in 
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the two coordinate systems: 

-f- KjY) = Z* + y„, 7)7) — -f 2*^7) = ( Y, — -f- 2iX^)e^‘'*, (92.5) 

where, by (92.3), 

co'(Q <.%) a>'(Q 


6>'(0 ■ Oi'iQ 


(92.3') 


The expressions for the components of displacement and stress in 
terms of functions of the complex variable may be found as in § 50 ; 
it will now be agreed to denote by 


the functions 


cp(z), ^(2), (I)(2), T( 2 ) 


of Chapter 5 (and likewise of § 90). As in § 50, write 

<!>(:) = Di[<o(!;)] - , T(g = ^ 

w (g o) (g 

Applying now the formulae of § 32, expressing A'’,, Y,, A, in terms 
of (pi, Oj, Tj, one finds by (92.5) and (92.3') 


+ 7)7) 2[(i)(g -b 0(g] - 49J(D(g, 


(92.7) 


7)7) - + 2t^ri == :^{co(g 4>'(g -h o'(g'F(g}. (92.8) 

<*> (g 

Using (92.4) and the formula 

2(X(« -f iv) = x<p(g - ^Kg, (92.9) 

‘<> (g 

the expression for + iv^ is also easily deduced. Finally, adding (92.7) 
and (92.8), one finds the useful relation 

7)7) -f i^T) = <i>(g -f <i>(g -b -^{to(g«i>'(g + to'(g'F(g}. (92.10) 

“(g 

§ 93. Solution of the first fundamental problem for the half- 
plane. Let the body S occupy the lower half-plane. By the conditions 
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of the problem 

= N{t). = T{t) on Ox, (93.1) 

where N{t) and T{t) are given functions of the abscissae t (which represent 
the normal and tangential stresses). 

By (32.8) 

y, iX, = 0(2) +W)+ 2^) + TO- (93.2) 

Hence the boundary condition may be written 

0(/) + 0(0 + ^0'(/) + ^(0 = N — iT (93.3) 

or 

0(0 + 0(/) + <O'(0 + T(0 = + iT. (93.4) 

The condition (93.3) could, of course, have also been deduced from (41.9) ; however, 
it must not be overlooked that the quantity T of the pre.sent section is the quantity 
( — T) of that formula. Tliis follows from the fact that, when moving along the Ox 
axis in the positix e direction, the region 5 lies on the right, and not on the left. 

It will be assumed that N and T are continuous functions satisfying 
the condition (90.9), i.e., that 

From the condition that 'F(/), defined by (93.4), is to be the boundary 
value of some function T(z), holomorphic in the lower half-plane and 
vanishing at infinity [as follows from (90.1)], one obtains by (76.21) 

1 f N — iT 1 r <P{l)di 1 r '^)dt 

2Tti 2ni J t — z 2-Ki J t — 


4 OO 



where z is any point of the lower half-plane. But 4>(<) is the boundary 
value of 0 ( 2 ), holomorphic in the lower half-plane and vanishing at 
infinity, and <1>(^), «[>'(/) are the boundary values of <(>( 2 ), 2 <I>'( 2 ), ho- 
lomorphic in the upper half-plane and likewise vanishing at infinity 
[cf. (90.1)], and hence, by (72.2') and (72.2), the conclusion is drawn that 
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the second integral in the preceding formula is equal to — while 
the last two integrals vanish. Thus 


+ 00 



(93.6) 


Having found 0(2), the function ^(z) may be determined from (72.2'), 
since the boundary value T‘(i) is given by (93.4). Thus one obtains, 
using the formulae of § 72, 


-f-oo 


T(2) = 


N -i- iT 
271/ J t — z 


2m J 


dt — 0(2) — 20'(2) = 


1 OO 

1 r Tdt 


-i OO 




2 C N — iT _ 
— z 2m J (t — 2 )* 


1 /' N + iT 

2m J 


/ + tJ , / 

t J t — 2 2m J 


1 f N — iT 


(t-z) 


^ idt. (93.7) 


It is readily verified that, if the functions N{t), T(t) and their first 
derivatives N'{i), T'{t) satisfy the H condition at all finite points and 
if tN{i), tT{i), and i^T'{t) satisfy the H condition in the neighbour- 

hood of the point at infinity, then the above expressions for 0 ( 2 ) and 
^“( 2 ) satisfy all the required conditions. In particular, the functions 0 ( 2 ), 
0 '( 2 ), ^( 2 ) are continuous up to the boundary and have for large | 2 1 
the form, determined by (90. 1 ) and (90.5) ; in order to see this, it is suf- 
ficient to refer to the results at the end of § 7 1 . Thus the problem is solved. 

Tlie above result agrees essentially with that obtained by G. V. Kolosov 
[1] by another method. The same problem was also solved later (and 
independently of G. V. Kolosov) by M. A. Sadovski [1, 2]. But neither 
of these authors presented a strict investigation of the solution. 

NOTE. The right-hand sides of (93.6) and (93.7) obviously are holo- 
morphic functions in the lower as well as in the upper half-planes, but, 
in general, they are not analytic on the common boundary Ox of the 
half-planes. It is clear, however, that, if any part of the boundary remains 
unloaded, the right-hand sides of (93.6) and (93.7) will also be analytic 
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on that part, and hence 0 ( 2 ), T( 2 :) may be continued analytically through 
this part from the lower into the upper half-plane. 

This property of the solution is easily proved directly without re- 
ference to (93.6) and (93.7). In fact, let 

Q(2) =: _ 0(2) — 20'(z) — ^(2) : (93.8) 

since, by suppo.sition, 0 ( 2 ) and 4 ^( 2 ) are holomorphic in the lower half- 
plane, Q( 2 ) is likcwi.se holomorphic there. Next consider the functionsj 

0 ( 2 ), Q(?) — 0 ( 2 ) — 20 '( 2 ) —W(z) \ 

which are holomorphic in the upper half-plane. By (93.3) and (93.4), one 
has on any unloaded part of the Ox axis 

0(0 = r2(0, ^(0 = i2(/), (93.9) 

where 0(2), i2(0 arc the boundary values, assumed by the corresponding 
functions for 2 ->i from the lower half-plane, while 0(0, Li{t) are those 
assumed for 2 -> i from the upper half-plane. 

It follows from the first equality that 12(2), holomorphic in the upper 
half-plane, is the analytic continuation of 0 ( 2 ) from the lower into the 
upper half-plane, and hence the analytic continuity of 0 ( 2 ) is proved. 
Similarly, the second equality (93.9) leads to the conclusion that £2(2) 
is analytically continued into the upper half-plane, where it takes the 
value 0 ( 2 ). Hence it follows by (93.8) that Y{z) may also be analytically 
continued, and the earlier proposition is proved. 

In particular, it is now seen that, if only a finite segment of the boun- 
dary is loaded, the functions 0 ( 2 ) and 4 ^( 2 ) may be expanded for suf- 
ficiently large 1 2 [ in Laurent’s series. 

These results present simple means for studying the behaviour of 
<I)( 2 ) and 4 ^( 2 ) for large | 2 |, provided the behaviour of the stress com- 
ponents at infinity is known. It will be remembered that the behaviour 
of 0 ( 2 ) and 4 ^( 2 ) ‘at infinity had been postulated a priori in § 90 and that 
this step seemed to be artificial in character. However, it will be easy 
now to remove (or diminish) this artificiality. In fact, it may be readily 
proved that 0 ( 2 ) and 4 ^( 2 ) necessarily have the form, given by (90.1), if 
only a finite part of the boundary is loaded and if the stresses are, for 
example, subject to the follbwing condition: the quantities 

+ y.) 

dy 


X,. Yy. Xy, 
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tend (uniformly) to zero as z moves to infinity (remaining, of course, in 
the lower half-plane). No space will be devoted here to the proof which 
will easily be provided by the reader. 

§93a Example. As an application of the above results consider 
the case when the segment 


tX ^ t ^ CL 


of the Ox axis is subject to a uniform pressure p, while the remaining 
part of the boundary is free from external forces. Then T — 0 for all t, 
N — — p for — a i;; / i.:, + a, N ^ 0 ioT the remaining values of t, 
and (93.6), (93.7) give 



- tt -a — a 


whence 


-- /, [log {z - oil - == -/y log - 

znt 2m z -Y a 


r(z) ^ 


paz 

lzi(z^ ~ a2) 


(93.1a) 


Mote that the results of § 93 have been a])plie(l, although in the present case the 
given function N{t) is discontinuous; the correctness of the final result may be 
verified directly. 

In (93.1a) the term log (z — a)/{z + a) means the increase of the function 
log (z — /) for a continuous change of ( from — a to -j- a. For greater 
clarity, write z — f = pe“'®, where p ~ \z — <1 and 0 is the angle between 
the vector z — t (starting from t and ending at z) and the axis Ox which 
will be assumed to lie between 0 and iz and to be measured from the 
positive Ox axis in clockwise direction (Fig. 47). Then 


log (z — /) = log p — tO, log = log --- — *(9i — 62 ), (93.2a) 

z -Y a " p2 

where ©j — % is the angle subtended at z by the loaded segment of the 
Ox axis. 
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The stress components will now be calculated. One has 
Z, + = 49M)(2) = — (6, _ 0,). 

TC 

X,-X, + 2iX, ^ 2[JQ>'[z) + ^( 2 )] = 4~ T = 

Apay 4pay(z^ — a^) 

n{z^ — a^) Ti{z^ — a^) (p — a^) 


(93.3a) 


(93.4«| 



Fig. 47. 


whence, finally, 


-(0,-0*) + 


2pay{x^ — y® — a®) 
T^{x^ + y® — ^*®)® + 4a^*] 


--(Oi-O^) 


2pay{x^ — y® 


a®) 


7C 


7i[(;r® + y® — «®)® + 4«®y®j 


(93.5a) 


Apaxy^ 

'' 7t[(ic® + y® — a®)® + 4a®y®] 


The solution of this problem was first given by J. H. Michell [3] and 
was later obtained by G. V. Kolosov [1 , 2] by a different method. (However, 
both papers by Kolosov contain a misprint in the expression for Xy, 
where a* appears instead of a). 

The law of the stress distribution becomes clearer, if one writes in 


CHAP. 16 


SEMI-INFINITE REGIONS 


389 


(93. 4«) the term — a* as 

2* — g-i(o,+e2). 

then 


Y,-X, + 2iX, 


4pay^ ej) 
P1P2 


which gives, in conjunction with (93.3a), 

P1P2 . 

^ Plp 2 


.Y. 


2pa 


y sin (01 -I- Oj) 
P1P2 


(93.4'a) 


(93.5'a) 


These formula demonstrate that the stre.ss components are continuous 
up to the boundary, provided the points < — ± a are excluded. At these 
points they cease to be continuous but remain bounded (as is seen 
by noting that y = — pj .sin 0, = — p^sin 62). It is likewi.se clear 
that the boundary conditions are satisfied. 

The components of displacement are also readily calculated and it 
is verified that they remain continuous up to the entire boundary (in- 
cluding the points t — ± a), provided the point at infinity is excluded, 
since they increase with 1 ; | 00 like log | x: |. 

'file solution for a tangential stress, applied to a segment of the boun- 
dary, may be deduced just as simply. 


§ 94. Solution of the second fundamental problem. In this case 
the boundary condition may be written 

x«p(0 — / if»'(0 — - = 2(i(gi -f igi) (94. 1) 

or 

x<f(t) — 7 <p'(/) — <{'(0 = 2 tx(gi — igi). (94.2) 

It will be assumed that the displacements remain bounded at infinity 
which, by what has been said in § 90, is equivalent to the condition 
Y = Y = 0. (The more general case, considered in § 90, is easily reduced 
to the preceding one by means of a method analogous to that of § 78.) 
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The condition (94.1) may be replaced by one obtained by differentiating (94.1) 
with respect to I; in that case one has only to deal with O(^), T('^)> difficulty 

arising from the presence of the logarithmic terms in (^(z), ^{z) is removed. The 
problem will be solved by such methods in § 113, 2°. 

Under this condition and those of § 90 the functions 9 ( 2 :), ^( 2 :), 9 '( 2 :) = 
= 0 ( 2 :), ^'( 2 :) = T( 2 :), holomorphic in the lower half-plane, must satisfy 
(90. 1 ') and (90.2') with X == Y = 0. Only the following of these conditions 
will be considered here: j 

f(z) = 0 ( 1 ), <P(z) = c + 0 ( 1 ). <p'(z) = 0 ( 1 ) , (94.3^ 

where c is some constant which is not given beforehand (so that the', 
basis of the problem is somewhat more general in comparison with the 
conditions of § 90) ; the constant term in the expression for <p(z) has been 
omitted, as usually, without affecting generality. 

By (90.10) one has, in addition, to assume that for large \t \ the 
given functions satisfy the condition 

gi + ^Sii = (^ + 0{\), (94.4) 

where G is a constant which is, in general, complex. Further, it will now 
be assumed that + ig^ satisfies the H condition on the boundary, 
including the point at infinity. 

Expressing that the function ij^(/), determined by (94.2), must be the 
boundary value of the function <{^( 2 ), holomorphic in the lower half-plane, 
one obtains by (76.21) 

_ f ^ f i f ^ 

Tzi J t — z 2Tzi J t — z 27zi J t — z 

—00 —00 —00 

where 2 is an arbitrary point of the lower half-plane, or, applying the 
formulae of § 72, 


7Z% J t Z 

— 00 

where, in particular, use has been made of the fact that is the boun- 
dary value of 29 '( 2 ), holomorphic in the upper half-plane and vanishing 
at infinity. The value of c is obtained by letting 2 -> 00 (in the lower 
half-plane); then, using the second formula (71.15), one finds 
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Thus 


>C9(2) = 



Si + igi ^ 

. _ 


(94.5) 


The function <{'(2) is now easily determined from its boundary value, 
given by (94.2) ; in fact, applying (72.2'), one obtains 


f 00 



— 00 —00 —00 


or, applying again the formulae of § 72 and substituting for c. 






di --z(p'{z) — \lG, 


(94.6) 


where, in particular, use has been made of the fact that <p(<) is the 
boundary value of 9(2), holomorphic in the upper half -plane and vanishing 
at infinitj'. It is easily seen, on the basis of the results of § 71, that these 
functions cp(z), 'j;(2) satisfy all the conditions of the problem, including 
(94.3), if, for example, the expression gj + and its derivative tg.^ 
with respect to f satisfy the ff condition and if the expressions 
i(gj -j- tg2 — (^), /®(g| 4- %) satisfy that condition near the point at 
infinit}'. Thus the problem is solved. 

If it is not only required to satisfy (94.3) but also the conditions (90.1'), (90.2'), 
it is sufficient to assume, in addition, that aLso I®(g'j + ig^) satisfies the H con- 
dition near the point at infinity. 

The solution of this problem (by other means) was likewise given by 
M. A. Sadovski [1,2] who also made a careful study of the character 
and of the conditions for the existence of the solution. 


§ 95. Solution of the fundamental problems for regions, mapped 
on to the half>plane by means of rational functions. Case of a 
parabolic contour. When the given region S may be mapped on to the 
half-plane by a rational function «(1[), the fundamental problem may 
be solved by elementary means, as in the analogous cases of § 84 
et seq. 

In view of the analogy with the earlier work, consideration will be 
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limited here to an explanation of the method of solution by the concrete 
example, where the boundary L is a parabola and S is the part of the 
plane, lying outside the parabola (i.e., not on the side of the focus). 
Consider the transformation 

z = — iaY, {a > 0), (95.1) 

i.e., 

^ — 2^(t) — a), y = ^2 — (t) — a)^. (95.1') 

The real axis y) = 0 of the plane corresponds in the Oxy plane to a linei 
with the parametric representation ' 

X — 2fl^, y = — a*, 

i.e., to the line 

x^ = 4fl*(y 4- «*) I (95.2) 

this is the parabola L with parameter 2a2, its axis parallel to the axis 
Oy and its vertex at the point (0, — a*) ; the origin is the focus of the 
parabola. 

When the point ^ moves along the 5 axis from the left to the right, 
the corresponding point z moves along the parabola likewise from the 
left to the right. 

It is readily verified that (95.1) maps the region 5, outside the parabola, 
on to the half-plane tq < 0. The coordinate lines (^) and (y)) are easily 
seen to be confocal parabolas; the axes of the parabolas (^) and (r^) 
are orientated in opposite directions. Fig. 46a of § 92 shows several 
parabolae of the family (^) [i.e., yj = const.] and those parts of some 
parabolas ^ = const, which are included in S. 

The angle, subtended by the parabola at points inside the parabola 
(i.e., out.side S), is seen to be ( — 27c), so that one has to take 

n' = — 27t (95.3) 

in the formulae of § 91. The solution of the fundamental problems for S 
presents no difficulties. As an example, the first fundamental problem 
will now be solved (the second fundamental problem can be solved in an 
analogous manner). 

Let a denote points of the real axis of the 1^ plane. Then, by (92.10), 
the boundary condition may be written 

ft - 4 - id rs id 

4- <I>(<J) + - V- 0'(o) --T- ^(o) = N + iT, (95.4) 

2 a ta 
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where N and T are the known boundary values of the normal and 

tangenj|ial stresses ifiv) and The condition (95.4) will now be multiplied 
by ® -f ia which gives 

((j 4- 

{a ia)O(a) + {& + ia)^{a) -f (t>'{a)~{a — ia)'V{a) = F, (95.5) 

2 

where 

F - (N + tT) (a + ta), (95.6) 

It has, of course, been assumed here that N and T are given in such a way 
that they do not violate the conditions imposed in § 90 with regard to the behaviour 
of the stresses at points, away from the origin. 

The method of solution, to be used below, may, of course, be applied directly to 
(96.4); in the earlier editions of this book the problem under consideration was 
solved in that manner. The present method, however, leads more quickly to the 
solution. 

The conjugate complex form of (95.5) is 

(<y — ia)^ 

(or — ta)<l)(a) + (<^ — m)<l>(a) H --- 0'(a) — 

— (a + ^ F. (95.7) 


The unknown functions <t)(Q, W(Q which are holomorphic in the lower 
half-plane satisfy on the basis of (90.1) and of (95.1) the conditions 

0(0 = o(-^), t(?:) = o(A). o'(i:) = o(^). (95.8) 


Expressing that the function (a — determined by (95.5), 

is the boundary value of the function (I^ — 7a)T'*(J^), holomorphic in the 
lower half-plane and vanishing at infinity, one obtains, applying (76.21), 


4 00 


- 1-00 


I f f'dc 1 / 

27zi J a — C 2w J 


' (<7 — ia) ^{<T)da ^ 1 j' (a — ia) <i>(a)d(r 


+ 


2rci 


+ 


1 r°la-ia)^0'(a)da_^ 

'^~2KiJ 2ia — Q 

— 00 


where i; is a point of the lower half-plane; noting that (c— ■ta)O(cr) is 
the boundary value of — i(i)^(J^)> holomorphic in the lower half- 
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plane and vanishing at infinity, and that (ct — iaj<!>{a) and (c — t«)®4>'((r) 
are the boundary values of holcjpiorphic 

in the upper half-plane and vanishing at infinity, one finds, appl 5 dng 
the formulae of §72, 

•1 oo 


whence 


1 r Fda_ 

2to J a — ^ 




0 , 


-■t-oo 


\ 

\ 


m = - 


2mi^ 



Fda 


(95.9) 


The function is now easily determined from its boundary 

value given by (95.5). One thus obtains 


m 


1 

2wX!:- 


- ia) j 


^ % -F ^ - ‘I>(Q -f Y 0'(g . (95. 1 0) 

<s — X, X, — ia 2(^~ ta) 


It is readily seen that the above solution satisfies the imposed con- 
ditions, if the given function F and its first derivative F' with respect to 
<T satisfy the H condition and if this condition is satisfied near the point 
at infinity by the functions aF and d^F'. 

Hence the problem is solved. 
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SOME GENERAL METHODS OF SOLUTION OF BOUNDARY 
VALUE PROBLEMS. GENERALIZATIONS •) 

One of the general methods of solution of the fundamental boundary 
value problems of the plane theory of elasticity for simply-connected 
regions has been studied in §§ 78, 79. The present chapter gives a short 
introduction to several other methods (also applicable to multiply 
connected regions) which are either generalizations of the methods of 
the earlier chapters of this Part or clo.sely related to them. 

Only one new method, due to D. I . Sherman (§§ 1 0 1 , 1 02) , for the solution 
of the first and second fundamental problems will be studied in detail 
and justified with complete proofs. 

At the end of this chapter (§ 104), several other general problems of the 
theory of elasticity will be formulated to which analogous methods of 
solution may be applied. 

§ 96. On the integral equations of S. G. Mikhlin. The method of 
reduction of the fundamental problems to integral equations which was 
studied in § 79 cannot be applied directly to multiply connected regions, 
since it relies on the conformal transformation of the region under 
consideration on to the circle and such a transformation (simple and 
invertible) is impo.s.sible, if the given region is multiply connected. 

However, S. G. Mikhlin succeeded in modifying the above-mentioned 
method so that it becomes applicable also to multiply connected regions. 
The essentials of this modification will now be Summarized. It is known 
from the theory of functions of a complex variable that the problem 
of conformal transformation of a region S, bounded by one simple 
contour I, on to the circle is equivalent to the determination of the so- 
called Green function for this region, i.e., of the real function G{x, y) 
which is defined in the following manner: 

1°. G{x, y) is a regular harmonic function throughout S, except at a 

*) This cOiaptcr is not necessary for the understanding of the later work. ^ 
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given point (x^, y^) where it has a logarithmic singularity. Thus 

G(x,y) = log— + Goix.y), 

f 

where r is the distance between the points {x, y) and (xo.yg) and GfJ{x, y) 
is a regular harmonic function. 

2°. The boundary value of G{x, y) on L is zero. 

If Hf){x, y) is the harmonic function, conjugate to Gq(x, y), then tb 
analytic function of the complex variable 

M{z) = log — ^ + Go{x, y) + y). 

Z ■ <.Q 

where Zo = Xq + iyo, is called the complex Green function. As shown 
by the preceding formula, the function M{z) is multi-valued because, of 
the presence of the logarithmic term. Since the complex Green function 
depends on z as well as on it is more logical to denote it by M (z, z^ 
rather than by M{z). 

The fact that the problem of determination of the Green function is 
equivalent to the problem of conformal transformation of a given region 
on to the circle permits modification of the method of §§ 78, 79 so that 
the use of conformal mapping may be replaced by a study of the function 
M{z, Zg). 

On the other hand, the concept of the Green function, whether real 
or complex, may also be applied to multiply-connected regions, bounded 
by several contours. Hence the above-mentioned method may be gen- 
eralized to the case of multiply-connected regions. 

In this way S. G. Mikhlin reduced the first and second fundamental 
problems of the plane theory of elasticity for multiply connected regions 
to Fredholna integral equations which are somewhat more complicated 
(as was to be expected) than the equations of § 79 (which apply only to 
simply connected regions), but which are quite useful for general in- 
vestigations. In particular, they have been used in a number of papers 
by S. G. Mikhlin [1 — 3, 7, 9] to prove the existence theorems. The 
reader’s attention is drawn to these papers and likewise to the book 
[13] by the same author in which he gives a sufficiently complete study 
of the results. 

Apart from the first and second fundamental problems for multiply 
connected regions, S. G. Mikhlin also .solved by his method other boundary 
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problems which are of great interest; for example, the problem of 
elastic equilibrium of a body, composed in a definite manner of different 
homogeneous parts having different elastic constants (restricted, of 
course, to those bodies to which the solutions of plane elasticity may 
be applied); this problem is treated in S. G. Mikhlin [10] and several 
particular cases are considered by elementary means in his paper [8]. 

§ 97. On a general method of solution of problems for multiply 
connected regions. One general method of solution of boundary value 
problems, developed by 1). I. Sherman [1, 5] and S. G. Mikhlin, deserves 
special consideration; this method permits the construction of the 
Fredholm equation for a given multiply connected region, if by some 
means the general solution of the corresponding problem has been 
deduced for simply connected regions each of which is bounded by 
one of the simple contours, constituting the boundary of the given 
multiply connected region. For this purpose these general solutions must 
be presented in a definite manner, e.g. in the form given by the solutions 
of the integral equations, stated in § 79. 

Particularly simple and practically useful equations are obtained 
in the case where the above-mentioned, separate, simply connected 
regions arc mapped on to the circle by rational functions for which 
the effective methods of solution, studied above, maybe applied. An 
example of such a case is the half-plane with elliptic holes, considered by 
I). 1. Sherman [4]. 

In turning to the general case, it will be noted that the integral equations, 
obtained in the manner stated above, have the following, practically 
useful properties; If these equations are solved by the known algorithm 
of successive approximation (i.e., by expanding the solutions in so-called 
Neumann’s series), then this algorithm coincides, in essence, with the 
algorithm, generalizing the algorithm of Schwarz for the problem of 
Dirichlet; with regard to this generalized algorithm of Schwarz com- 
ments have already been made in § 89. 

A study of this method will also be found in S. G. Mikhlin s book [13] , 
Mikhlin*s investigation differs somewhat from that by D. I. Sherman, 
since the latter starts from integral equations, obtained by the Author 
(§ 79), while Mikhlin starts from his own equations mentioned in the 
preceding section. 
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§ 98. The integral equations, proposed by the Author. The 

integral equations, deduced in § 79, are quite useful for general in- 
vestigations and give effective, practically applicable results in a number 
of important particular cases, but they suffer from one essential dis- 
advantage; namely, the transforming function ca(Q is required for their 
construction. The same disadvantage attaches to S. G. Mikhlin's equations 
(§ 96), since the complex Green function M{z, has to be determined. 

Integral equations have long ago ceased to be useful only for genercjl 
theoretical investigations; lately, rather effective methods have been 
developed for their numerical solution, in particular, in those cases)' 
where they involve only simple (and not multiple) integrals, as is the\ 
case with those which are of interest here. 

It is therefore very desirable for direct practical applications to have 
integral equations whose kernels are related directly and simply to the line 
elements constituting the boundary of the region and which do not involve 
elements the determination of which requires preliminary solution of 
auxiliary boundary problems as Dirichlet's problem (or its equivalent) 
for the determination of the functions co(Q or M{z, z^. 

Equations of this type, used by G. Lauricella — D. I. Sherman, will 
be considered in detail in §§ 101, 102; these equations are, in the Author’s 
opinion, the simplest and most suitable for the purpose of general in- 
vestigations. 

However, the Author proposes to devote some space here to equations, 
obtained in his papers [17, 18], since the trend of thought, leading to 
these equations, is closely related to that which led to the results of the 
preceding chapters of this Part, and since they are of interest in them- 
selves. 

These equations are very similar to those of G. Lauricella (cf. § 101), but never- 
theless they differ significantly from Lauricella's. In the Author's opinion Lauri- 
cella's equations had (at least outwardly) a rather complicated form, so that at 
the time he did not notice the similarity and supposed that his equations were 
considerably simpler. 

Moreover, the Author’s equations were the subject of a number of 
investigations by other authors (in the first place D. 1. Sherman) worthy 
of reference, since the methods of investigation, developed by them, may 
be successfully applied to the solution of analogous problems. 

For the sake of clarity, a beginning will be made with the case of 
finite regions S, bounded by one simple smooth contour L ; the positive 
direction on L will again be such that it leaves S on the left. 
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The first and second fundamental problems will be considered simul- 
taneously. The boundary conditions for these problems may be written as 

kW) + ¥{t) + <1^ w = m. (98. 1 ) 

where, in the notation of § 41, for the first fundamental problem ^ = 1, 

m = iS) + im - i I (Z„ -f iY,;}ds + C, (98.2) 


while for tke second fundamental problem k — — x, 

/(/) ^ ^2^{g, + ig^); (98.3) 

<p(/), (p'(t), ^(t) are, of course, the corresponding boundary values. The 
arbitrary constant on the right-hand side of (98.2) may be fixed to suit 
convenience. 

Conditions will now be stated such that the right-hand side of the 
equation 

9(0-^7(0-*9{0~-¥(0> (98.4) 


equivalent to (98.1), must be the boundary value of some function 
^/(x;), holomorphic in 5. It is known from §73 that a necessary and 
sufficient condition for this to be so is given by 


1 /'/(O-MO-ViO 

27 c / J t 

L 


for all z outside 5, or 


k f ^{t)dt 
2ni J i — z 

L 



L 


A{z) 

t z 


for all z outside S, where 


A{z)^ 


JL 

2Tzi J t — z 


(98.5) 


(98.6) 


In this way the functional equation has been deduced for the deter- 
mination of 9 ( 2 ). Once one has succeeded in finding by some means the 
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function (p(z), holomorphic in S and satisfying (98.5), the problem 
wiU be solved, since <p(/) can be determined from (98.4) by Cauchy’s 
formula 

_ 1 j’Mdt k I_ 

t — z 2niJ t — z 2m j t — z 2m 

L L L Tv 



J JZIz' 


(where, of course, z lies in 5). j 

The functional equation (98.5) may be readily reduced to a Fredholm 
equation in the following manner. [It would be of interest to study (98.3[) 
independently without reduction to a Fredholm equation. In all pro^ 
bability this would offer the opportunity of finding new classes of regions 
for which the fundamental problems may be solved effectively.] In (98.5), 
let z tend to some point of L (remaining, of course, outside 5). Then, 
on the basis of the Plemelj formulae (cf. § 68), one obtains, assuming 
(p(f), cp'(l) and /(/) to satisfy on L the H condition, 


— l^«P(^o) + 


L f 

2m J 


(^{t)di 

T~L 


+ 


1 /■ 

2m J t — i, 


- -4(/o), {^) 


where A(io) is the boundary value of A(z) as z -> from outside S, i.e., 


A{Q 




1 

2m 


I -I 


f(t)dt 


t — tn 


«(^o) + MQ > (98.8) 


a{Q, i(Io) denote here real functions which will be assumed known. 

Equation (a) which is obviously not a Fredholm equation may be 
simplified as follows. Expressing that (f{t) and (p'(/) must be the boundary 
values of functions, holomorphic in 5, one finds by (73.1') 


MQ +-~^j - 


(f>{t)dt 

t—Z 


= 0 , 




(b) 


the first of these conditions becomes in its conjugate complex form 


^9(^0) ■ 


[4 

27tt J t 




0 . 


{c) 
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Multipl 5 Hng (6) and (c) by — and k respectively and adding them to (a), 
one obtains 

L L 

and finally, integrating the second integral on the left-hand side by 
parts, 

- j .4(«.(98.9) 

L L 

This is the integral equation which was mentioned earlier and which 
was to be deduced. 

It may still be written in a different way. In fact, if 

t--to=--re'\ (98.10) 

where r — 1 f I ^^nd fl = Hio, i) is the angle between the vector 
and the Ox axis measured in the positive direction, one has 

log * ~ = — 2ff>, --- ■— = e"^'^ — cos 29- — i sin 29 ; 

hence (98.9) becomes 

— ■ j {A<p(^) c = •'^(fo)- (98.9) 

TC J 

By writing 

<?{t) = p{t) ^ iqit). (98.11) 

where i>{t) and q{t) are real functions, and by separating real and imagi- 
nary parts, (98.9') may be represented in the form of the two real equations 

ki>{t^) / {p{t) {k -f cos 29) -f q{t) .sin 29}(i9 = — a{t^, 

7Z J 

^ (98.9") 

kq{Q — Lj (p(i) sin 29 -f q{t)(fi — cos 29)}i9 = b(io). 

In these equations 

99 , 

d» = ds, 

cs 


I'heory of Elasticity 


26 
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where s is the arc coordinate of the contour, corresponding to the point t. 
It is easily seen that 

d&- cos a 

?s r 

where a — a(to, t) is the angle between the outward normal at t and the 
vector 

In order to verify the last relation, it is sufficient to rcmcnihcr that by the Cauchy 
— Riemann equations \ 

f f) log Y \ dr \ 

<s cn r dn ’ 

because log r and ^ are the real and imaginary parts of the function log {I — t^) of 
the complex variable t (for fixed /(,) ; ii denotes here the normal which ]>oints to the 
right as one moves in the positive direction of the tangent. 

If it is assumed that the angle between the normal (or tangent) to L 
at the point i and some fixed direction (considering this angle as function 
of t or s) satisfies the II condition, then 

cos a K(tQ, t) 

“7 ■ 7 ■ ’ 

where g is a constant such that 0 < [x < 1 and K{tQ, i) is a function 
continuous on L (which even satisfies the // condition). (Cf., for example, 
the Author’s book [25]). 

Thus the system (98.9”) represents an ordinary system of Fredholm 
equations. Correspondingly the equations (98.9) or (98.9'), equivalent 
to (98.9”), may be called Fredholm equations. 

As the study of these integral equations in the case of simply connected 
regions does not present any difficulties (cf. S. G. Mikhlin [13] for 
the case k — \), the following results will be merely enunciated here and 
the reader will later be given references, where the corresponding proofs 
may be found. First of all, it will be noted that, as is easily seen, every 
(continuous) solution 9(/) of (98.9') will satisfy the H condition every- 
where on L, on the basis of the conditions assumed above. But, in ad- 
dition, the solution was to be such that the derivative q)'(f) also satisfies 
this condition on L, because this had been assumed in the deduction of 
the equation. It is readily verified that fulfilment of the last condition is 
ensured, if it is assumed that the curvature of the line L satisfies at every 
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point the H condition and that the function f{l), given on L, has a 
derivative with respect to t which satisfies the H condition. 

Consider the first fundamental problem. In this case k — 1 and /(/) 
is given by (98.2) ; in the latter formula the constant C may and will be 
assumed arbitrarily fixed. Since, by supposition, the function f{t) is 
continuous on L, the condition that the resultant vector of the externeil 
forces is to vanish will be automatically satisfied ; however, the condition 
of vanishing of the resultant moment is expressed by (cf. § 42) 

I {f,dx + Udy) 0. (98.12) 


It is easily verified that the homogeneous system, obtained from 
(98.9”) for a{i) --- b{l) — 0, lias the solution 

Pit) d- iq{l) = hi + a + f{i, (98. 13) 

where e, a, (3 are real constants; this follows from the fact that (cf. § 34) 
th(! state of stress and the constant C will not be changed by adding to 
9 (:r) an expression of the form hz -f- a -j- i[i. On the other hand, it 
may also be verified directly that p{i), qit), as given by (98.13), satisfy 
(98.9”). 

The formula (98.13) involves linearly three arbitrary real constants 
and it gives three linearly independent solutions of the homogeneous 
system. 


Writing t — \ iyj, one inay take as these tliree solutions 

\) p 2) p^l. q^O, 3) = 0, ? = 1. 

It may be .shown that the homogeneous system has no other linearly 
independent solutions. Hence, by the general theory of Fredholm 
equations, the system (98.9”) will only have solutions, if the right-hand 
sides of these equations satisfy three conditions of a well known form. 
However, a closer study shows that tt^o of these conditions are auto- 
matically satisfied as a consequence of the fact that a{t), b{t) are not 
arbitrary, but such that a(t) + ib{t) is the boundary value of a function, 
holomorphic outside 5 and vanishing at infinity; the third condition, 
as was to be expected, reduces to the condition (98.12). 

Thus, if (98.12) is satisfied, the system (98.9”) or, what is the same 
thing, the equation (98.9') has a solution which is determined apart from 
an expression of the form (98.13). In addition, it may be shown (and this 
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is not obvious beforehand) that every solution (p(<) of (98.9') will be the 
boundary value of a function, holomorphic in S; this function (p(z) 
follows from (p(i) by the help of Cauchy’s formula, and ip(i) will then be 
determined by (98.7) .The solution of the first fundamental problem 
has thus been obtained. 

In the case of the second fundamental problem, where A = — x and 
f{t) is given by (98.3), quite analogous results may be found; the only 
difference is that the homogeneous system, corresponding to (98.9"), 
has now only the two linearly independent solutions 


cp(t) = p(t) + tq(t) = a + (98. l\4) 

where a and p are arbitrary real constants; the system (98.9"), in spite 
of the presence of the solutions of the corresponding homogeneous 
system, is always soluble (as a consequence of the particular form of 
the right-hand sides) and its solution gives the solution of the original 
problem, as in the case of the first fundamental problem. 

Hitherto, it has been assumed that the region S is finite and simply 
connected. Suppose now that S is bounded by several simple contours 
Lj, the last of which contains all the preceding ones, ais; 

in § 35 (cf. Fig. 14) ; the contour £tn+i may be absent in which case S will 
be infinite (i.e., the infinite plane with holes). It will be assumed that 
the individual contours Lj satisfy in a certain way the conditions of 
smoothness, stated above. As always, let Z. = + Lg + • • • + 

+ -t'w+i denote the complete boundary of S ; the positive direction of L will 
be chosen in such a way that it leaves 5 on the left. 

The only difference from the case of finite, simply connected regions 
is that here the unknown functions 9(2) and ^(z) may be (and, in general, 
will be) multi-valued. In fact, by (42.1), 


<pW = 




1 

27c( 1 -f x) 

X 

2^(rTxy 


log (z — zf) + 

- (98.15) 

t{X,-iY,) log(2-2,) + 4;o(^), 

1=1 


where {Xj, Yf) are the resultant vectors of the external forces, applied 
to the contours Lj, 2, are arbitrarily fixed points inside Lj (j ~ \ , . .,in) 
and (po{z), <po(^) functions, holomorphic in 5, if this region is finite 
(i.e., if L„+i is present) ; if S is infinite (i.e., if L^+i is absent), then (cf. § 36) 

fo(z) = rz + <p*(z), <Po(^) = r '2 + (98.16) 
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where ((>*{z), are functions, holomorphic in S including the point 
at infinity; in the case of the first as well as of the second fundamental 
problem it will be assumed (§ 39) that the constants F, F' are known 
beforehand; further, in the case of the second fundamental problem for 
infinite regions, it will also be assumed that the quantities 

m m 

/-i 

i.c., the components of the resultant vector of the external forces, applied 
to the entire boundary L of 5, are known. 

For the sake of brevity, it will now be assumed that S is finite, i.e., 
that present; the case of infinite regions may be considered in 

quite an analogous manner. 

A beginning will be made with the first fundamental problem. In this 
case the boundary condition may be written (as in the case of simply 
connected regions) 

^) + f(p'(0 4- <]/{/) =-/W. (98.17) 

where now, instead of (98.2), 

/(/) = i j {X„ + iY„)ds + C, on Lj a = \,2. \), (98.18) 


while the arc coordinate .s is measured (in the positive direction) on 
each of the contours Lj from an arbitrarily fixed point of that contour, 
and Cj is a constant having, in general, different values on different 
these constants are not known beforehand, except for one, say, 
which may be fixed arbitrarily, and it will be assumed here that C = 0. 
Substituting from (98.15) into (98.17), one finds 

(98.19) 

where 


m 


/(O + 


1 

2k{\ + h) 


X {X, + iY]} {log {t — Zj) — X log (f — Zj)} + 


t 

2x(l + ^ 


m 

s 




X, - iYs 

t Zj 


(98.20) 


On the left-hand side of the boundary condition (98.19) one has the 
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boundary values of holomorphic (i.e„ single- valued, analytic) functions; 
the right-hand side is likewise a single-valued function (assuming, of 
course, the choice of definite branches on each contour Lj), because for 
a circuit in the positive direction (leaving S on the left) of the contour Lj 
{j ~ 1,2, . . .,m) the function /(/) undergoes an increase i(Xj -f iYj), 
while the second term on the right-hand side of (98.20) shows the same 
increase, but with opposite sign; similarly for under the condition 
(which is implied) that the resultant vector (A", Y) of all external for(jes, 
acting on L, is equal to zero. • \ 

Since in the case of the first fundamental problem the quantities 
Xj, Yj are known beforehand, the function /^(l) in (98.19) is determined 
on every Lj(j — 1, . . .,m) apart from the constants Cj, while it is coni- 
pletely known on Lm^x (because, by supposition, C,„.i — 0). 

Applying to (98.19) the same reasoning as in the case of a single 
contour, one arrives at exactly the same equation (98.9) with A — 1 or 
at the equivalent equation (98.9') or, finally, at the .system (98.9"); 
the only difference will be that (p(,(/) takes now the })lace of <p(/), while /(/) 
is replaced by /q(<). In addition, the right-hand side now involves the 

initially unknown constants Cj, C„, which must be determined 

in the process of solving the problem. 

In the case of the second fundamental problem, proceeding in an ana- 
logous manner, one finds, in the former notation, the boundary con- 
dition 

— x^) -f- <>;(/) -h 4-o(0 - MO . (98.2 1 ) 


where this time 


/o(0 2p(gi +ig 2 ) 


j: + iY,) log I / — z, I 

it(l -f x) 


__ J ^ 

, ' 27t(l -f- x) ,-=.1 i ■ 


iY, 


(98.22) 


Thus one obtains the same equation (98.9) for ^ = — x as in the case 
of a single contour, if one replaces <p(<) by (po(/) and f{t) by fo{t). In the 
present case, the unknown constants Xj.Y^ appear on the right-hand side 
and they must be determined at the same time as the function <fo{t). 

It may be shown that in the case of multiply connected regions the 
derived integral equations allow complete solution of the corresponding 
boundary problems. 
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A preliminary study of these integral equations was given in the 
Author’s notes [17, 18], quoted earlier, in which, for the sake of definite- 
ness, the first fundamental problem was considered; this study was 
based on the supposition that the existence theorems for multiply 
connected regions had already been proved by some other method. 

Soon after, D. 1. Sherman [2, 3, 6, 1 1] gave a very complete study of 
these equations in which he did not rely on other proofs of the existence 
theorems, but, on the contrary, proved these theorems directly by means 
of the equations under consideration. 

D. I. Sherman also modified these equations so as to give them a form 
more convenient for studies of a general character and for applications. 
In particular, in his paper [1 1], he studied in detail the question of the 
distribution of the eigenvalues of the integral equations, obtained by 
a definite modification of the above equations, introducing some para- 
meter X, as is done in the general Fredholm theory. This investigation 
showed that for values of X, corresponding to the first and second fun- 
damental problems, the solutions of the relevant integral equations may 
be expanded in Neumann’s series which, in general, can be obtained 
by the method of successive approximation. 

By means of the method of this section D. I. Sherman [6] also solved 
one particular case of the mixed fundamental problem when the external 
stress is given on one of the contours, bounding the region, while the 
displacements are giv'en on the others. 

Further, D. I. Sherman [8) solved by a method, analogous to the 
preceding one, the first and second fundamental problems for bodies, 
consisting of different homogeneous parts ; as indicated in § 96, the same 
problem was solved somewhat earlier by S. G. Mikhlin by use of another 
method. 

In later papers D. I. Sherman gave new solutions of the above as 
well as of some other boundary problems by means of a method which 
is a generalization of that of the present section; this work will be dis- 
cussed below. 

Finally, one more interesting problem wiU be mentioned which was 
solved by G. N. Savin [7] by a method, analogous to that above; this 
problem deals with the equilibrium of an elastic plane with an infinite 
number of identical, equally spaced holes which are subject to the same 
external forces. A study of this solution may likewise be found in S. G. 
Mikhlin [13]. 
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§ 99. Application to contours with corners. The form of the 
equation (98.9') or of the system (98.9") suggests that, if the integrals 
occurring there be considered as Stieltjes integrals, these equations 
may be applied to regions, bounded by contours of a much more general 
form than has been assumed for their deduction. 

The investigations of L. G. Magnaradze [1 — 3], based on known 
results by J. Radon and partly by T. Carleman, show that this is actually 
the case and that the above-mentioned equations, interpreted in 1 a 
suitable generalized sense, apply, for example, to the case where the 
contours, bounding the region, have corners other than cusps. The^ 
may even be infinitely many such corners ; it is sufficient if the boundary 
of the region consists of contours having so-called ‘‘bounded rotation’^’ 
(according to J. Radon). 

It may be noted that L. G. Magnaradze [4] succeeded in extending 
these results also to one very general class of three-dimensional bodies 
the surfaces of which may have polygonal edges (even an infinite, but 
denumerable number of them) ; in this case one has, of course, to apply 
the corresponding integral equations for three-dimensional bodies. 

§ 100. On the numerical solution of the integral equations 
of the plane theory of elasticity. Equation (98.9') or the equivalent 
system (98.9") may, thanks to their simplicity, be used .successfully for the 
numerical solution of the corresponding boundary problems of the plane 
theory of elasticity. One of the methods of numerical solution is outlined in 
the Author’s note [21] and it was studied in greater detail by A. Ya. 
Gorgidze and A. K. Rukhadze fl] who applied this method to several ex- 
amples and gave also estimates of accuracy. 

This method seems to give satisfactory results also in cases when the 
boundaries have comers. 

§ 101. The integral equations of D. I. Sherman-G. Lauricella. 

Recently D. I. Sherman [15 — 17] succeeded in deducing integral 
equations for the solution of the first and second as well as of the mixed 
fundamental boundary value problems of the plane theory of elasticity 
which deserve greater attention. Apparently the most natural way of 
arriving at these equations is the following which is based on one simple 
general idea, analogous to that used by I. Fredholm [1] for the de- 
duction of the integral equations for the second fundamental problem 
in the three-dimensional case. 
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D. I. Sherman begins directly from the formulae (101.3) and (101.4) without 
indicating the means by which these were obtained (and he considers separately 
the cases A = — x and A ~ 1 ) . 

I. Fredholm's idea consists, in principle, of the following. If one takes instead of 
the body under consideration the half -space and writes down the known formulae 
solving the corresponding boundary problem in closed form, using definite integrals 
over the plane boundary of the half-space, then these formulae, when applied to the 
given body (taking now the integrals over the surface of that body instead of over 
the plane), do not, of course, solve the boundary problem in closed form; they lead, 
however, to integral equations which under certain conditions will be Fredholm 
equations. 


At first suppose that the region 5 under consideration is finite and 
bounded by one simple contour which satisfies the same conditions as 
in § 98. The boundary conditions of the first and second fundamental 
problems will now be written, using the notation of § 98, 

kcp(t) + 1^) +J(i) = f(t), (101.1) 


remembering that k — 1 and k — — x for the first and second problem 
rc.spectively. 

Under the supposition that S is the upper half-plane, L is the real axis 
and 9(3), 4/(2), 2<p'(2) vanish at infinity, the solution of the boundary 
problem (101.1) is given by 




im 




I' 

2m J i 


im 


z<f'{z). 


The solution for A — — x can be found in § 94, where in the present case G = 0 
and the difference in sign arises from the fact that the problem has been solved 
there for the lower half-plane. The solution for A = 1 is obtained in an analogous 
manner. It may also be deduced from the solution of the first fundamental problem 
for the half-plane, found in § 93. 


Substituting in the second formula above for 9' (2) and introducing the 
notation 


(a{t) =- 



( 101 . 2 ) 


one finds 


9(2) 


1 /’ w(0^ 

2^ J T—T ' 


(101.3) 
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2tci ,1 t — z 27zt J t — z 2Tti j (t — 2 )* 

L L L 


(101.4) 


In the case when h is the real axis (as it has been assumed for the present), 
t = t, dl — (It \ the reason why di and t have been written instead of dt and t in 
the second and third integrals of (101.4) respectively will become clear later on. 

Integrating the last integral of (101.4) by parts, this formula may l|e 
rewritten 



L 


1 j* 

2ni J i — z 
L 


(101.4')\ 

\ 


Now the case when 5 is not the half-plane will be considered and 
an attempt will be made to find the solution of the boundary problem 
(101.1) in the form (101.3), (101.4), where 6 j(/) now denotes some junction 
of points of the contour L which is initially unknown and has to be deter- 
mined. It will be assumed that co(/) has a derivative ca'(/) wliich satisfies 
the H condition. 

Using the Plemelj formulae for boundary values of Cauchy integrals 
and substituting into (101.1), the boundary values of the functions 
9(2:), ^(z), determined by (101.3), (101.4'), and likewise the function 

^ f oi(t)dt 1 f {x>\t)dt 

“” 2 ™'./ y— -)• “ 2.7,/ 1-7 

L L 


[where the latter expression is obtained by an integration by parts], 
one finds the integral equation 

/ w(0tflog ~ --=/(g. (101.5) 

J t (q ZTZl J t 

L L 

This is the integral equation, obtained by D. I. Sherman in the quoted 
papers [15, 16]. It is seen to be very similar to the equation (98.9) 
which, for the purpose of comparison, will now be written in its conjugate 
complex form 

L L 


However, it differs essentially from (101.5) by the sign of the first in- 
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tegral, by its right-hand side and, what is more important, by the character 
of the conditions, imposed on the unknown functions. In fact, the un- 
known function of (101.5) is subject to no other condition except one 
referring to its continuity, while the unknown function of equation 
(a) must be the boundary value of a function, holomorphic in S. This 
last condition, as already stated in § 98, is automatically satisfied in the 
case of finite simply-connected regions which will now be considered; 
but in the general case it plays an essential part. 

Equation (101.5) will now be considered. As in §98, let / 

(101.5) then becomes 

^‘■^(^o) 4- - / { kc^iO — - /(g. (101 .5') 

TT 

Further, writing 

6>(/) Pit) + iq{t), fit) -- f,{i) + if^it), (101.6) 

one obtains the system of two Fredholm equations 

^Pi^o) + / {piOi^^ — cos 2&) — q{t) sin 2^}dd- 

TC J 

^ I {PiO 29- — q(t)(k -|- cos 2d-)}d& 

TT ,/ 

The following should be noted with regard to the .system (101.5”). 
For k — \ , i.e., for the first fundamental problem, this system reduces 
to that, deduced by G. Lauricella [3] for the solution of the fundamental 
biharmonic problem which, as has been pointed out earlier, is equivalent 
(with certain reservations in the case of multiply connected regions) 
to the first fundamental problem of plane elasticity. For k — — x, 
i.e., for the second fundamental problem, the system (101.5”) corresponds 
to the system, likewise deduced by G. Lauricella [1, 2] for the second 
fundamental problem in the three-dimensional case. 

However, Lauricella does not use Cauchy integrals and he presents the 
connection between the functions, which directly occur in the correspond- 
ing problems (the biharmonic function U in the fundamental biharmonic 
problem, the displacement components in the second fundamental 
problem), and the auxiliary functions p, q of points of the boundary L 
in a (apparently) very complicated form. Lauricella’s integral equations 


— /i(0> 

(101.5") 

— 
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likewise are not as simple as (101.5"). This last circumstance is, of course, 
of no significant importance, but the formulae (101.3) and (101.4), 
expressing the relations between the functions f(z), (J^( 2 :) and o>(() = p(t) + 
tg(i), are of great value and so is the form (101.5) of the integral 
equation which clearly demonstrates the connection with Cauchy integrals. 
In fact, the discovery of this relationship considerably simplifies the 
analysis, in particular in the case of multiply connected regions (with 
regard to which more will be said later), and, in addition, offers the 
opportunity of deducing (relatively) simple solutions of a number on 
other important boundary value problems. Therefore it seems only! 
just to call (101.5) or (101.5') the equations of D. I. Sherman — G. Lau- \ 
ricella. ' 

In the case of multiply connected regions, it is advisable, according 
to D. I. Sherman, to somewhat modify (101.3), (101.4) and the integral 
equations which follow from them, thus leading to (relatively) very 
simple results ; this question will be treated in greater detail in the next 
section. 

§ 102. Solution of the first and second fundamental problems 
by the method of D. I. Sherman *). Let the region S be bounded 
by several, .simple, non-intersecting contours L^, L^, ..., T,„, the 

last of which contains all the others, and let L — Tj Lg ... -i- T„, 4 i 
denote the complete boundary of S. In addition, it will be assumed that 
each of the contours L has a curvature, satisfying the H condition. The 
finite regions, bounded by the Lj{j — 1,2, . . .,m), will be denoted by 
Sj, and the infinite region, bounded by Tm+i, by 

The first fundamental problem will be solved first. Without affecting 
generality, it may be assumed that the unknown functions (p{z) and i];(2) 
are single-valued, since multi-valued terms (which are known beforehand) 
may be removed from them and placed on the right-hand side of the 
equation, expressing the boundary condition [Cf. (98.15), (98.19), (98.20)]. 
The boundary condition is 

<p(i) -f- t<f>'{t) -|- tji(^) = f(t) Cj on Lj{] — 1,2, . . . , m 1), (102.1) 

where f{t) is a given function (which is single-valued and continuous 
on every Lf) and Cj, Cj, .... C„, are initially unknown constants 

*) D. I. Sherman [15, I6j. These papers have been reproduced here with only insigni- 
ficant modifications. 
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only one of which may be fixed arbitrarily ; it will be assumed that 

= 0 . 

Following D. I. Sherman, the solution will be written in the form 




2ntJ 


l'u(t)di 1 r 
i J t — z 2Ki J 


^ ~ 

2m J t — z i^i z — Zj 

L 


(102.2) 


oi{t)dt 1 
t — z 27zi 


4 - S ^ 102.3) 

z 2T:i J (t — z)^ i==>iz — Zj 


L L L 

where ca(/) is a function of points of L, subject to definition, z^ are ar- 
bitrarily fixed points of S^, j = 1 , . . . , w (so that they lie outside S) 
and bj are real constants, related to co(^) in the following manner: 


hj ^ z I {o}(t)dt — o:i[i)dt}, / = 1,2, . . ., w. 


(102.4) 


The introduction of hj leads to the modification of the integral equations which 
was mentioned at the end of § 101. In the case of simply connected regions (tw = 0), 
the formulae (102.2), (102.3) become (101.3) and (101.4) for ^ ~ 1. 

Substituting in (102.1) the boundary values of the functions ^[z), 
(p'{z), tj^(z) as determined by (102.2) and (102.3), one obtains as in § 101 




-^ + 




+ 2 [. A_ + . , ^ (i _ = /(« on i. 

y=.ll/Q Zj Zj \ <0 Zj It 

1,2, ....w+ 1. (102.5) 

It will be expedient to further modify this equation by adding to the 
left-hand side the term 


'm-Fl 


'm+1 


^0 •'0 




(■ 4 )' 


(a) 


where 6^+1 a purely imaginary constant, related to 6 >{<) by the formula 
[cf. note following (102.4)] 


-'w+l 


1 _ f 

~ 2niJ \ 


b>(f , a>(() 


dt -f- 






( 102 . 6 ) 


it will be assumed that the origin of coordinates lies in S. 
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Thus one obtains the equation 



1,2. ...,W4- 1, (102.5'| 

where = 0. 

In addition, the unknown constants will be related to the unknown 
function oi{t) by the formulae 

= — I o>{t)ds, k= \.2 w, (102.7) 

Ik 

where ds is the element of arc of 

If one now replaces the constants bj, Cj on the left-hand side of (102.5') 
by the expressions (102.4), (102.6) and (102.7), then (102.5') becomes an 
integral equation which involves no other unknowns but <o(/). Sei)arating 
real and imaginary parts, as was done in § 101, one obtains a system of 
two Fredholm equations, but since this system serves no jmrpose in 
what follows it will not be written dowm here. 

The integral equation (102.5') will be called the equation of I). I. Sher- 
man. In the case of simply connected regions, it differs from (101.5) 
only by the term 



It will now be shown that, if (102.5') has a solution, then necessarily 
^m+i — 0> provided the resultant moment of the external forces is zero; 
the vanishing of the resultant vector of the external forces is ensured by 
the single- valuedness and continuity of the function j{t). The condition 
for the resultant moment may obviously be written [cf. (42.5)] 

<R ^ f{t)dt = 0, (102.8) 

L 

while (102.1) may be presented in the form 

9(0 + ^9 (0 + 4'(0 + f "I" ■^1 — (J02.r) 
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if one interprets <p'(i) and as the boundary values of the expres- 
sions (102.2) and (102.3). Multiplying both .sides of (102.1') by dt and 
integrating over L, one finds after an integration by parts 

I {<p{i)dt — '^d(} + I {^1 + y] + = I f{l)dt. 

i i 

Since the last term on the left-hand side of this equation is real and all 
the other terms aie purely imaginary, one must have = 0, as was 
to be proved. 

Thus, in order to satisfy (102.8), every solution w(/) of (102.5') is at 
the same time a solution of the original equation (102.5), and hence 
a solution of the boundary problem (102.1), and the constants Cf will 
be determined by the formulae (102.7). 

It will now be proved that the. equation (102.5') always has a solution, 
[liquation (102.5) would only be .soluble under the condition (102.8)J. 
For this purpose the homogeneous equation, obtained from (102.5') 
for /(/) --- 0, will be considered and it will be shown that it has no non-zero 
solutions. Let (Oa(/) be any .solution of this equation and 90(2), tj^o(z), 
(7 be the corresponding values of 9(2), ([,(2) and the constants C^, de- 
termined by (102.2), (102.3), (102.4) and (102.7) for to(/) == 6)o(/); in 
particular, by (102.2) and (102.3), 


'Po(-) 


271/ ' I — Z ;7i Z 


(102.9) 




1 

O'rri 


I ' t — Z 


1 i'^i,(i)di bj^ 

2n2 J t jv-i z — i 


( 102 . 10 ) 


where are the constants, given by (102.4) for co(/) ~ (i>o(0i and the 
expression for 4'o('^) ^as been transformed by means of an integration 
by parts. The functions 90(2), 4'o('^) satisfy the boundary condition 

9o(0 + 1 ^) -f Ui) - C}’ 0 on L,. / = 1 . . . . , m -f 1 . C7„ , , = 0, ( 1 02. 1 1 ) 

as may be seen from (102. 1'), taking into consideration that in the present 
case f(t) ~ 0 and also bm+i — 0. since obviously (102.8) will be satisfied. 
Hence 9o(<), solve the first fundamental problem in the absence of 
external forces, and therefore, by the uniqueness theorem, 

90(2:) = izz -h c, 


( 102 . 12 ) 
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fact that C,^+i == 0; 


where e is a real and c a complex constant; thus, by (102.1 1), using the 

(102.13) 

(102.14) 


<1^0(2) = — c . 

and, obviously, 

C,9 = 0, j = 1,2, ...,w + 1. 

It follows from (102.9), (102.10), (102.12) and (102.13) that 

1 


tzz -j- c 


I / CO 

27Zt J t 


Z /=, 1 2 2/ 


(102.9\) 




=■'. / 
2 Kt J 


1 /■ UQ{i)dt 1 


t — 2 


27ri 


f <‘>>0 
J i- 




+ s — (102.10')\ 

2 2 2j- 


Introduce now the notation 


6? 


/-I t 


itt — c, 


*4'*(^) == <>>0(0 — ^ 




+ c. 


i — 2,- 

The equations (102.9'), (102.10') may then be written 


(102.15) 

(102.16) 


1 


I / — i— = 0, — r / - - - = 0 for all 2 m S, 

J t — 2 27tJ t — 2 


2ro J t — 2 


and hence (cf. § 74) <p*(/), (}^*(/) are the boundary values of the functions 
<f*{z), 4'*('^). holomorphic in the regions 5^, Sj, ...,5„+i, and 


<p*(oo) = t{'*(oo) = 0. 

It will now be recalled that in the present case — 0, where 
is given by (102.6) for w(<) = <jio{t). Substituting in (102.6) with bm+i = 0 
for <o(<) the expression oio(t), obtained from (102.15), and taking into 
consideration the previously stated property of <p*(i), it is easily seen that 
e = 0. 

Further, eliminating o>o(<) from (102.15) and (102.16), one finds 
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Multiplying both sides of this equation by dt and integrating over the 
contours LJJi = 1,2, . . ., m), one obtains 

( {^)dt - ^*{t)dl} = i 2 f + -ll-\ - 2-Kbl. 

J J-I J u — Zf t , — Zj) * 

Lj Lt 

and hence, since the bf are real, 

6« = 0, ft=l,2, (102.17) 

Therefore 

9 *(<) + == — 2ic on L*, k = 1,2, . . .,m + 1. 

Consequently (p*(s), solve the first fundamental problem for the 

regions S^, A: = 1, 2, . . ., »w -t- 1, in the absence of external forces. Ap- 
plying the uniqueness theorem to the region and using the con- 
dition (p*(oo) = 4'*(co) = 0, one finds <p*(z) =- = 0 in S„+i, and 

hence c = 0. Further, the uniqueness theorem applied to the regions 
S^.{k — 1, . . ., w) gives (remembering that c = 0) 



= + Cu, 

4/*(z) 

= Cjc 

on Lji't k — 1 , 2, 

whence, by 

(102.15)--(102.17). 




“o(<) ■-= — e 

1^ tCj. 

on L,., 

“ 1,2, •••, TfV 

in addition. 

since 9 *(^) = 

= 

=: 0 in 

^ m+\* 



Wo(f) = 

o 

o 

!i 



Finally, using successively the equations (102.4), (102.17), (102.7) and 
(102.14), it is easily verified that = Cj; = 0 for all k, and hence coo(A) = 0 
everywhere on L. 

Thus the homogeneous equation, corresponding to (102.5'), has no 
solutions, different from zero. Consequently the equation (102.5') has 
one and only one solution w(<). Substituting this solution w(<) in (102.2) 
and (102.3), one obtains the solution of the original problem, provided 
the condition (102.8), expressing zero resultant moment of the external 
forces, is satisfied (the vanishing of the resultant vector of the external 
forces being ensured by the continuity of f{t) on L). Thus the problem is 
solved. 

If (102.8) is not satisfied, <f(z) and (('(■s’) will not satisfy the boundary condition 
(102.1), since in that case 6„+i Oand the solution of (102.5') will not be a solution 
of (102.5). 

Theory of Elasticity 
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Next consider the second fundamental problem. In this case the boundary 
condition may be written 

— g(t), (102.18) 

where, as before, 

g{t) = 2(x(g, + ig^). (102.19) 


Taking into consideration (101.3) and (101.4) (for k = — x) and likewfee 
the form of the functions 9(2), ((^(2), as determined by (35.10) and (35.11), 
the solution of this problem will be sought in the form \ 


’ 2m J t - 


H A j log (2 — Zj), ( 1 02.205 

•2 /=,! \ 


(}^(2) = — 


X f oi{t)dt 1 1 ' o>{t)di 
2Tii J t — z 27zi J t — z 

L L 


1 r iix^{t)dt 
2nt j {t — zY 


m. 


— S y.Aj log(2 — Zj). 


( 102 . 21 ) 


where the Aj are constants. These constants will be related to the un- 
known function oi(t) by the formulae 

Aj = jco(t)ds. (102.22) 

L 

It is easily seen that the displacements, corresponding to the functions 
(p(z), single-valued in S. 

As in the preceding problem, one obtains for the determination of 
o)(t) the integral equation 

“<'>'* fix + 

L L 

+ 2 x{log (to — Zj) -f log (<o — Zj)} / bi{t)ds = g{to) on L, (102.23) 

Li 

where log (t^ — Zj) + log («o — Zj) must be conceived as a single-valued 
function which is equal to 2 log | — Zj\. 

The integral equation (102.23) is found to be always soluble. In order 
to see this, consider the homogeneous equation, obtained from it for 
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g(t) — 0. Let ci)o(<) be any solution of this homogeneous equation and 
•PoW' 'J'oW the corresponding expressions for the functions 9(2), (};(^). 
Then 

X9o(0 + — ({'©(O = 0 on L. 

Hence, by the uniqueness theorem, 

9o(2) = c, = >tc, 

where c is a constant. As a consequence of the single-valuedness of 
90(2), which are simply constants, one obtains from (102.20) or 
(102.21) that 

A? = 0, j = \,2, ....m, (102.24) 

where the are determined by (102.22) for w(i) — a»o(<). 

Further, it follows from (102.20) and (102.21) that 

1 f 

2 m J t — 2 

/. 

X /' coo(/)rf/ 1 1 ' 

2 m j t — 2 2 m) t — 2 

L L 

whence it is easily concluded (cf. the ca.se of the first fundamental prob- 
lem) that the functions 9*(0. (['*(/) determined by 

t9*(<) = <Oo(^) — c, — j 4/*(/) — x(Oo(<) -f + xc (102.25) 

are the boundary values of some functions 9* (2), 'l'*(^)> holomorphic in 
the regions Sj, Sj, . . . , while 9*(oo) = tJ;*(oo) = 0. 

Eliminating too(f) from (102.25), one obtains 

— ^*{t) = — 2txc on Lfr, = 1, 2, . . ., w -1- 1. (102.26) 

Applying the uniqueness theorem for the second fundamental problem 
to each of the regions S*, one finds 

9*(^) = Cj., i|)*(2) = xcjfc + 2*xc in S*, k — 1,2, . . ., w -f- 1, 

and, since one has in S„+i: iJ^*(oo) = 9(*cx)) = 0, obviously = 0, 
c = 0. 

The functions 9*{«) = 0, = 2»xc clearly solve the second fundamental 

problem for with the boundary condition (102.26); by the uniqueness theorem. 
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the most general solution is obtained by adding to 9 * ( 5 ') some constant and to 
the constant xfj. [cf. (34.13) and the remarks following it]. 

One thus has 

'?*(^) = c*, in Su{h = 1, . . w), 

<if*{z) = <];*(«) = 0 in 5„+i. 

But then, by (102.25), j 

01^ k = 1 , . . m, coo(^) — 0 on \ 

It follows from this by (102.24) and (102.22) that all — 0, and con- 
sequently Wo(^) = 0. \ 

Thus the homogeneous equation, corresponding to (102.23), has ho 
solutions different from zero, and therefore the equation (102.23) has 
always one and only one solution. Hence the problem is solved. 

With obvious insignificant modifications, the above results likewise 
apply to the case when the contour L^i+i absent and hence 5 is the 
infinite plane with holes. 

§ 103. On the solution of the mixed fundamental problem 
and of certain other boundary problems by means of D. 1. Sher- 
man^s method. The method of the preceding section may be success- 
fully extended to the solution of certain other important boundary 
value problems. 

In the first place the mixed fundamental problem will be mentioned. 
This problem was solved for regions of the same shape as in the preceding 
section by D. I. Sherman [17] who used in this case the same representa- 
tion for the functions 9 (;?), 4^(;3:) as in the case of the second fundamental 
problem, i.e., (102.20), (102,21). However, this time that representation 
does not lead immediately to Fredholm equations, but to so-called 
singular equations of a rather simple form. These last equations, on 
their part, are easily reduced to Fredholm equations and the problem 
may be solved by a method, analogous to that of § 102. (Cf. D. I. 
Sherman[ 17]; in § 79, another method of solution for the case of simply 
connected regions, likewise due to D. I. Sherman, has been mentioned). 

Using a method, analogous to the preceding one, D. I. Sherman [20] 
gave a new and simpler solution than that by S. G. Mikhlin [10, 8] of 
the first fundamental problem for bodies consisting in a definite manner 
of homogeneous parts having different elastic constants; this problem 
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(and likewise the corresponding second fundamental problem) has 
already been mentioned in §§ 96, 98. 

Finally, D. I. Sherman [22] gave (by means of a method, analogous 
to the above) the general solution of the following problem. Let S be 
a region of the same shape as in § 102, and let it be required to find the 
elastic equilibrium of a (homogeneous) body, occupying S, if the normal 
component of displacement v„ and the tangential component of the 
external stresses T on the boundary L of S are given. For T — 0, this 
problem reduces to that of the frictionless contact of the body under 
consideration with rigid profiles at its boundary L. 

In the following Part, this last problem will be solved for the case when 
the region S is simply connected and mapped on to the circle by means 
of rational functions, as has already been mentioned in § 88, 2°. 

§ 104. Generalization to anisotropic bodies. The methods of the 
present Part may be successfully generalized to the case of homogeneous 
anisotropic bodies. As shown by S. G. Lekhnitzki, complex representation 
of the solution may also be given in this case, although it will, of course, 
be more complicated than for isotropic bodies. By means of such a 
representation and of a suitable generalization of the above methods 
a number of general as well as particular problems have been solved. 
The scope of this book does not permit a study of these questions. Therefore 
only reference will be made to the literature on this subject which is 
already fairly extensive. 

The interesting papers by S. G. Lekhnitzki will not be quoted here 
in detail, since they are studied in his recently published book [1]. 
Among publications of a theoretical character, giving the general solution 
of several fundamental boundary value problems, the following should 
be mentioned: S. G. Mikhlin [1 1], G. N. Savin [3, 4], D. 1. Sherman [9, 19], 
1. N. Vekua [2]. 

The solution of many particular, but practically important problems 
was given in the above-mentioned book by S. G. Lekhnitzki; this book 
does not only summarize the author’s work, but also that of other in- 
vestigators. For this reason no detailed reference will be made here to 
work, giving solutions of a particular character, as this can be found 
in that book and in G. N. Savin [5, 6]. 

§ 105. On other applications of the general representation of 
solutions. The methods of solution, studied in Parts IV and V (as well 
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as in Part VI), of the boundary problems of plane elasticity are based 
on the general representation of the solutions of the corresponding dif- 
ferential equations by means of functions of a complex variable. Such 
general representations of the solutions of partial differential equations 
by means of ‘‘arbitrary” functions acquired exaggerated importance at 
the outset of the development of mathematical physics, similar to that 
given to the integration of ordinary differential equations by means of 
quadrature. But it soon became clear that the determination of a 
“general solution” by no means exhausted a problem and that fori the 
solution of the corresponding boundary problems such general solutions 
were often next to useless. \ 

This fact caused the usual reaction in such cases and led to otf^er 
extreme points of view which have been dominant until quite recent 
times, i.e., that no benefit whatsoever may be derived from “general 
solutions”. 

However, in actual fact, this is not so. The general solutions, if they 
can be found and if they are used efficiently, are often extraordinarily 
useful, particulary in practical problems. In a number of such cases they 
permit the construction of a complete theory of a given problem in a 
manner which is simpler and more thorough than would have been 
possible by other, hitherto known methods ; the theory of plane elasticity 
may serve here as an example. 

In contrast to this, the hitherto known, general solutions of the equations of the 
three-dimensional theory of elasticity do not permit the construction of a complete 
general theory; however, they have been found to be useful for the solution of a 
number of problems of a special character and have served as means for the solution 
of several general problems. 

Therefore it has been found very desirable to extend methods, analogous 
to those studied above, to other sections of the theory of elasticity as 
well as to a wider range of problems. There exist already results in this 
direction which deserve more attention and further development. 

Since there is no space to dwell at length on this range of problems, 
reference will be made to the work of I. N. Vekua, where the method of 
complex representation of solutions is generaUzed to a wider class of 
differential equations of the elliptic type, to which the equations of 
plane elasticity belong (in the static case); a full study of this work is 
given in I. N. Vekua's book [1] and therefore only those of his papers 
[4, 5] will be quoted here which refer directly to the theory of elasticity. 
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The method of general representation has also successfully been 
applied to several problems of elastic vibrations, but again no more can 
be said about this here. 

Finally, only a reference will be made to the general solutions of the 
equations of the three-dimensional theory of elasticity, stated by Boussi- 
nesq, B. G. Galerkin, P. F. Papkovich and others (see also the earlier 
remarks referring to this problem). Some information on this question 
may be found in the text books by L. S. Leibenson [1], P. F. Papkovich 
[1] and A. E. H. Love [1]. 




PART VI 


SOLUTION OF THE BOUNDARY PROBLEMS OF THE PLANE 
THEORY OF ELASTICITY BY REDUCTION TO THE PROBLEM 
OF LINEAR RELATIONSHIP 


Many important problems of the theory of elasticity, including the 
problems considered in Chapters 15 and 16, may be solved very simply 
by reduction to a single boundary problem of complex function theory 
which the Author calls the problem of linear relationship of the boundary 
values, or, briefly, the problem of linear relationship. The formulation of 
this problem and its solution for several particular cases (which will be 
required later on) is given in Chapter 18. 

This problem has been called by many authors the Riemann problem. 
It would have been more correct to call it the Hilbert problem, as has 
been done in the Author’s book [25]. However, the Author proposes now to use the 
above term as an alternative. 




Chapter 18 


THE PROBLEM OF LINEAR RELATIONSHIP 

§ 106. Sectionally holomorphic functions. As in § 65, let L be the 

union of a finite number of simple, non-intersecting arcs and contours 
in the complex z plane ; these arcs and contours will always be assumed 
to be smooth. As in § 65, L will be called a simple smooth line and it will 
be assumed that it has a definite positive direction (i.e., on each arc or 
contour which is a component of L). The ends of the arcs (if such exist) 
will form part of L and will be called ends of the line L. 

These closed arcs (i.e., including their end points) will often be denoted 
by ab or, if there are several of them, by = 1,2, ...» where the 

symbols are to indicate that the positive direction is from a to 6 or 
from to 

As in § 65, a distinction will be made between “left'* and “right" 
neighbourhoods of the points of L, other than its ends. 

Denote by S' that part of the plane which contains all points not 
belonging to L ; in other words, S' is the z plane cut along L. If L consists 
only of arcs, then S' is a connected region, while, if L includes contours, 
S' consists of several connected regions, bounded by these contours. 

Let F{z) be some function, given in S' (but not on L) and satisfying 
the following conditions: 

1°. The function F{z) is holomorphic everywhere in S'. 

2^, It is continuous from the left and from the right at all points of 
I, other than the ends a*, 6^. 

3°. Near the ends a*, b^ 

I -F(2) I < T-— 0 < (X < 1, (106.1) 

Z “““ c 

where c is anyone of the ends a*, ft*:, -4 is a positive constant and [x is 
likewise a constant, subject to the stated condition. 

Such a function F{z) will be called sectionaUy holomorphic in the entire 
plane or, more simply, sectionally holomorphic. The line L will be called 
the line of discontinuity of F{z) or the boundary. 


A21 
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As in § 65, denote by F+(^) and F~{t) the boundary values of the 
function F{z) at the point t of L from the left and right respectively. 

On occasion, functions will be considered which satisfy the above 
conditions everywhere, except at a finite number of points Zi, z^, ... 
not belonging to L, where F{z) may have poles (without any other 
stipulations). In such cases the function F{z) will be said to be sectionally 

holomorphic ever5nvhere, except at the points Zi, z^, In particular, 

functions will often be considered which are sectionally holomorphic 
eveiywhere, except at the point at infinity, where they have a pole, i.e\, 
functions which have for .sufficiently large | ^ | a series expansion of the form 

F{z) = C„z”' + + . . . + Co + + • • • (106.2) \ 

z 2® 

Finally, the following condition will be introduced; when it is said 
that F(z) vanishes at some point of L which is not an end, this will 
imply that F+(<o) = F~(<q) = 0; if is an end, then the vanishing of 
F{z) at {q will imply that F(z) -»■ 0 as 2 -> tf,. 

NOTE. The definition of the concept of sectionally holomorphic 
functions may, of course, be extended to the case, where the function is 
not given in the entire cut plane S', but only in some part of it. For 
example, let S, be some connected region bounded by one or several 
contours, the union of which will be denoted by L^, and let the union 
L of contours and arcs, considered above, be entirely contained in Sq. 

If the function F(2), given in Sq (except at points of L), satisfies the 
conditions 1°^ — 3° and if, in addition, it takes definite boundary values 
on the boundary Lq of Sq, then it may be called a function, sectionally 
holomorphic in Sq. Such a function may be extended into a function, 
sectionally holomorphic in the entire plane, by putting, for example, 
F(z) = 0 outside S^. 

In the sequel, unless stated otherwise, sectionally holomorphic functions 
will be assumed to be given in the entire plane (except on the line of 
discontinuity). 

§ 107. The problem of linear relationship (the Hilbert problem). 

Let I, be a given smooth line which satisfies the conditions of the 
preceding section. The following problem will be considered: 

To find the sectionally holomorphic function F{z) with the line of dis- 
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continuity L the boundary values of which from the left and from the right 
satisfy the condition 

F+(t) = G{t)F-{t) + f{t) on L (107.1) 

(except at the ends), where G{t) and f{t) are functions, given on L and 
G{t) ^ 0 everywhere on L. 

In addition, it will be assumed that the functions G{t) and /(/) satisfy 
the H condition. 

Since the concept of boundary values from the left and from the right 
is not defined for the ends of the line L, the reservation has been intro- 
duced that (107.1) is to be satisfied on L, except at the ends. In the sequel, 
this stipulation will be omitted, although it will always be implied. 

The above problem will be called the problem of linear relationship 
of the boundary values or simply the problem of linear relationship or 
the Hilbert problem [because the boundary values are connected (related) 
by a linear expression (with, in general, variable coefficients)]. 

If f{t) — 0 everywhere on L, the problem will be called homogeneous. 
The homogeneous problem was first considered by Hilbert for the case 
where Z, is a simple contour; the non-homogeneous problem (for the 
same case) was proposed by 1. 1. Privalov (under somewhat more general 
a.ssumptions). However, a complete, but very simple solution has only been 
found recently. This solution and its literature is studied in the Author s 
book [25]. 

Only the particular and very simple case when G{t) is a constant will 
be studied here, because it is the case required in the later sections. For 
the sake of clarity, the cases when G{t) — 1 and G{t) = g, where g is an 
arbitrary constant different from unity, will be considered separately. 


§ 108. Determination of a sectionally holomorphic function for 
a given discontinuity. The simplest case of the problem of § 107 occurs 
when G{t) = 1 . Then the problem reduces to the determination of a section- 
ally holomorphic function F{z) for the given discontinuity /(<) so that 

F+{t)—F-{t) = f(t) on L. (108.1) 

The solution of this problem may be written down immediately. 
In fact, consider the Cauchy integral 




1 nm 

2Tti .} t — z 
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On the basis of the statements of § 68, Fo(z) is a sectionally holomorphic 
function which vanishes at infinity and for which by (68.4) 

(0 — — f{i) 0*1 L (except at the ends). (a) 

By Note 4 of § 68 the function Fq{z) satisfies near any end c of L the condition 
(106.1), viz., 


even for arbitrarily small, positive (x. 

Hence -Fo(^) is one of the solutions of the problem. Next consider the 
difference F{z) — Fq{z) — F^{z), where F{z) is an unknown solution. \ 
By (108.1) and (a) 

Fi {t) — Fl{f) = 0 on L. 

Thus, on the basis of a known property of functions of a complex variable 
(§ 37, 2°), the values of i^*(2) on the left and on the right of L continue 
each other analytically. Therefore, if one prescribes for the function 
Fif(z) suitable values on L, this function will be holomorphic in the entire 
plane, except possibly in the neighbourhoods of the ends a^, bj, of L. 
However, since in the neighbourhood of any end c, by (106.1), 

I F^{z) 1 < - — , 0 < [X < 1, (6) 

I 2 — c 1“ 

the point c is a removable .singularity and it may be assumed that F^(z) 
is holomorphic in the entire plane. 

By (b) the product {z — c)F^{z) remains bounded near c; hence this product function 
has a removable singularity at that point (cf. for example, I, I. Privalov [1]). 
Therefore (z — c)Fi^(z) may be assumed to be holomorphic near c, i.e., (z — o)Fi^(z) ~ 
= ^’♦♦(-8'), where F^i^(z) is a holomorphic function. Thus Fi^{z) can only have a first 
order pole at c\ but by (h) there is no such pole, because (z — c)F^^(z) 0 as 4 :. 

Consequently, by the Liouville theorem, F^^{z) = C == const, in the entire 
plane and the general solution of the problem is given by 

F{z) = Fo( 2 ) + C 
or 
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where C is an arbitrary constaiit. If it is required that F(oo) = 0, then 
one has to take C = 0. 

The solution of a somewhat more general problem will now be found. 
In fact, it will be assumed that the unknown function F{z) is sectionally 
holomorphic everywhere, except at the point at infinity where it may 
have a pole of order not greater than m, i.e., it must have there the form 
(106.2). It is then easily seen (by application of the generalized Liouville 
theorem) that 

L 

where P^iz) is a polynomial of degree not higher than m, i.e., 

PJA - > + . . . + C„; (108.4) 

Cq, Cj, . . . , Cm are here arbitrary constants. 

The generalized Liouville theorem consists of the following: If a function F(z) 
is holomorphic in the whole plane, except at the point ^ = oo, and if for large | z \ 

F{z) ^ 0{z^), 

where m is a positive integer, then F(z) is a polynomial of degree not higher than m. 


Finally, if the solution is permitted to have poles of order not greater 
than Wj, m^, . . ., wij, m at the given points Zy, z^, .... Zi, oo, then 



L 


t — z 


+ R{z), 


(108.5) 


where R{z) is an arbitrary rational function with poles of the type in- 
dicated, i.e.. 


R{z)== i 


4- ^ . . . 4- h 

Z Zj {z — Zy)^ {z — «^)’“< 

+ Co + ^12: -I- . . • + CmZ>", 


(108.6) 


where the Cjt are arbitrary constants. 


NOTE. It follows from the above statements that every sectionally 
holomorphic function F{z) may be represented in the form of a Cauchy 
integral 


F(2) = 


_L f 

27zi J t — z 


+ C, 
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where /(/) denotes the discontinuity of F{z) on the line L, i.e.. 


and C is a constant. 

Further, if F{z) is a sectionally holomorphic function in some region 
Sg which does not coincide with the whole plane (as in the Note at the 
end of § 106), then this function may always be represented in the form 
of the sum of a function holomorphic in and a Cauchy integral, i.el. 


where L is the line of the discontinuity f(t) = F+(/) — F~{t) inside 
and F*{z) is a function, holomorphic in So- The expression (108.7) holds 
true ever 3 rv\'here in Sq, except at points of L where F{z) is, in general, not 
defined. 

The truth of (108.7) follows from the fact that the difference 



L 


is a function, holomorphic in Sq except at points of L, where obviously 
F*+{t) — F*-(i) = 0 on L, 


and hence F*(z) is holomorphic everywhere in 5^, provided it is given 
suitable values on L. 

The function F*{z) may likewise be represented by a Cauchy integral 
taken over the boundary I-o of the region Sq. 


§ 109. Application. One interesting application of the formula (108.7) 
will be stated here which is due to D. I. Sherman [14]. Let there be given 
an elastic body, such as a plate with several holes, and let solid discs 
of the same material be inserted into these holes; however, let the contours 
of these discs differ slightly, in the unstressed state, from those of the 
holes. It will be supposed that the boundaries of the inserted discs and 
of the corresponding holes are brought into contact without any gaps 
and that they are welded together (or restrained by frictional forces 
from sliding relatively to each other). 

Denote the body, obtained in this manner, by and its boundary 
by Lo- It will be assumed that is a simple contour. 
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The results of this section will also remain true (with obvious insignificant 
modifications), if it is assumed that Lq consists of several contours; this corresponds 
to the case, where not all holes are filled by discs and where some of the inserted 
discs have holes. 

Further, denote by L the union of the contours of the holes into 
which discs have been inserted. 

As before, let ^{z) and be the functions which determine the elastic 
equilibrium of the body Sq. These functions are defined in each of the 
regions into which the region is divided by L and they are holo- 
morphic there; however, they suffer discontinuous changes for a passage 
through L. 

Ihis is obvious for regions, occupied by discs, because these functions are as- 
sumed to be single-valued. However, single-valuedness of 9(^), in the regions, 
occupied by the material surrounding the discs, follows from the fact that the 
resultant vector (and also the resultant moment) of the forces, applied to the edges 
of the original holes by the discs, obviously vanish. 

It will be assumed that the external forces acting on the 

boundary of the body Sq, are given and that, in addition, the discon- 
tinuities in the displacements for a passage through L are determined by 

v+ — v-^ gz{t) on L, (109.1) 

where the functions gi{t) and g^it) are likewise given; they depend on 
the shapes of the holes and inserted discs before deformation and on the 
method by which the edges of the discs and of the surrounding plate 
were brought into contact before welding occurred. 

Under these conditions one has the following boundary conditions: 

cpW + + W)- m on Lo, 1109.2) 

9+(0 + t^) + = 9'-(0 + i^) + on L, (109.3) 

X 9 +(;f) — — ip+(^) = x(p~{t) — — ^~(^) + 2yug{t) on L, (109.4) 

where 

H 

m {X„ + iY„)ds on g(0 = g,(0 + %(0 on I (109.5) 
0 

are known functions. 

The condition (109.2) expresses that the external stresses, acting 

Theory of Elasticity 28 
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on the boundary Lq of the body Sq, are given. The condition (109.3) 
indicates that the stresses, acting from either side on the element of 
the line of division, balance each other. Finally, (109,4) shows that 
the discontinuities in the displacements of the line of division are known. 

As a matter of fact, (109.2) must only be satisfied exactly, apart from 
an arbitrary constant; similarly, (109.3) must be fulfilled, apart from 
arbitrary constants on each of the contours, constituting L. However, 
it is easily seen that the last constants may be included with the unkilown 
functions. \ 

Adding (109.3) and (109.4), one finds 

?+(<) - 9-(i) = “XT o" (10^6) 

X + 1 

Further, taking the conjugate complex form of (109.3) and using (109.6), 
one obtains 

V(i) - rW -= on L, (109.7) 

where 

h{t) = -W)- h'it). g'W = . (109.8) 


i.e., h{t) is a function, known on L. 

On the basis of the statements in the Note at the end of § 108, one 
deduces that 


9(2) = 9o(2) 


g(t)dt 


W) = 4'o(*) 


/ 

rt(x + 1) J 

L 

p f h(t)dt 
rzi[y, + 1) i ^ — 


where 9o(^)» functions, holomorphic in Sq, 

For the sake of brevity, let 

’ m{x+ 1 ) J t — z’ 


(109.9) 


h(t)dt 

w(x + \) J t — z 

L 


■/ 


. (109.10) 


and (109.9) becomes 

9 ( 2 ) = 9 o( 2 ) + <K*) = W*) + '['*(*) 1 (109.11) 





CHAP, 18 


THE PROBLEM OF LINEAR RELATIONSHIP 


435 


the holomorphic functions 9o(^)> subject to definition, while 

9*(2)> '}'*(’^) *^re known, sectionally holomorphic functions, determined 
by (109.10). 

Substituting (109.11) in the boundary condition (109.2), one obtains 

9o(0 + i^) = /o(0 on Lo, (109.12) 

where 

/oW = m - 9*{i) - t^Ut) - (109. 13) 

is a function, known on L^. 

One has thus arrived at the usual first fundamental problem for 
the body Sq. After having determined 9o(’^)> 'i'o(^)< functions (p{z), <|^(z) 
may be found from (109.9) or (109.11). 

Consequently, it is seen that the problem under consideration reduces 
directly to the customary first fundamental problem for the same region S^. 

If, instead of the stresses, displacements are given on Lq, the problem 
will reduce in the same manner to the customary second fundamental 
problem. 

If the discs and the surrounding body have different elastic properties, 
then the above is no longer true; more will be said about the solution 
of this case later on. 


§ 109a. Example. Consider the simplest case of a circular ring with 
outer radius 1 and inner radius r into which a circular disc of radius r + e 
has been inserted, where e is a known quantity. Then Sq is the unit 
circle, Lq the circumference of this circle and L a circle with radius 
r < \. 

If it is assumed that the origin lies at the centre and that the positive 
direction on L (as well as on Lg) is counter-clockwise, it is easily seen 
that, with t = pc'®, one has 

g(t) — — e(cos & -f- « sin S') = — se^ = — — on L 


and 


— . ^ 2sf 2er _ 

h(t) = - g(t) - tg'(t) on I. 


t 


Hence (109.10) gives 
2|xg 

9 *(«) == 


z for I z <r 
for I z i > r 


r(x + 1) ' <j/,(2) = { 4(jL6r 1 

X -f 1 z 


for I z I <r 

» 

for I z 1 > r 



436 VI. APPLICATION OF THE PROBLEM OF LINEAR RELATIONSHIP § 1 10 


and the functions <po('2)> 'I'oW determined by the boundary condition 


where 


<Po(0 + + 'j'oW = /oW on La, 


m = m + 


4|xer 

xTT 


L 


The last expression follows from (109.13), since (p*(^) = — 0 on Lq, because 

<p*(^) = 0 for \ z \ > r and 




4yL£r 
X -f 1 


1 

t 


X + 1 


on L„. 


Thus, in order to solve the original problem, one has to find the solution 
of the customary first fundamental problem for the circle, after adding 
to the stresses, actually acting on and characterized by f(t), the fictitious 
stresses corresponding to the second term in the expression for fait), 
obtained above .These fictitious stresses are easily seen to correspond to 
a distribution of uniform normal tension of magnitude 

4{ir 

e. 

x+ 1 


Thus the solution of the problem may be written down directly, using 
the formulae of § 80. 


§ 110. Solution of the problem: F+~gF- + f. 

Consider the case G(t) = g, where g 1 is a given, in general complex 
constant. The boundary condition in this case will have the form 

F+(<) — gF'it) = fit) on L, except at the ends.- (110.1) 

It will now be assumed that L consists of n simple smooth arcs L* 
ik — 1,2, ...,«) which have no points in common ; these arcs, as in- 
dicated earlier, will be denoted by where «*, are the ends of L* 
and the positive direction is from a* to 6*. (Fig. 48). 

The case, where L consists only of contours, is easily seen to reduce directly to 
the problem of § 109. For example, if L consists of one simple contour which divides 
the plane into two regions S+ and S-, adjoining L on the left and right respectively, 
one may consider, instead of Fix), the function F^(z), defined as follows: = 

FW in S+, F,(«) ==gF{z) inS"; then (110.1) takes the form — F;(<) = /(<). 
One may proceed in an analogous manner, when L consists of several contours. 

In the case where L consists of contours and arcs, the problem is likewise easily 
solved. 
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First, a solution will be studied which may have a pole of arbitrary order 
at infinity, and a beginning will be made with the homogeneous problem 

F+(t) — gF-{t) == 0. (110.1') 

A particular solution Xf,{z) of this problem will be sought in the form 

X^{z) ^U(z~ a,) — b,y-\ (1 10.2) 

/-I 

where y = « + fp is a constant. 

The function A’o( 2 ) is holomorphic in S', i.e., in the plane cut along L, 
if a definite branch of this function is .selected, e.g. the branch for which 



lim [z^Xq{z)] = 1 ; or, in other words, the branch which has for large | z | 

S'-^OO 

the form 


^o(^) = 


1 

zn 


9»n— 1 


+ . , . ; 


(110.3) 


in the sequel, unless stated otherwise, this branch will always be implied. 

It is readily verified by an investigation of the variation in the ar- 
gument of 2 — a*, or 2 — when z describes a closed path beginning 
at a point t of the arc and leading, without intersecting L, from 

the left side of around the end to the right side of the arc (as in 
Fig. 48) or around the end (not shown in Fig. 48), that 

i.e., X+(0 = 


(110.4) 
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By definition, the power with complex exponent 

(z =r lo*r(»-ajb) _ u~a* I + tfrj ^ ^-Ylog | « - a* | 

where log \ z — aj^\ is real, so that 

(^ — = |^_a*|-v 

where ^ == arg (z — aj^) and \z — ^k\~^ Is the uniquely defined value ^~Ylog|«~afcf^ 
When z goes from the left side of Lj^ around aj^ to the right side, as shown in 
Fig. 48, then ^ increases by (4- 2n), and hence ( — iy^) by ( — 27:iy), and therefor^ 
(z — must be multiplied by I 

When z goes from the left side of Lj^. around to the right side, theri 
^ = arg (z — increases by ( — 2v:) and 

(z — [Y-l 5 »(y-1)» 

must be multiplied by e-27t<(Y-i) = e~2Tcir^ as in the first case, since — 1. 


Hence Xo( 2 :) will satisfy the boundary condition (110.1'), 
= g. i.e., 


Y = a H- j'P 


logg 

2nt 


2nt 2 tz 


provided 


(110.5) 


where 6 denotes the argument of the constant g. This argument is de- 
termined, apart from an additive term 2km, where k is an integer; 
however, 0 will always be chosen in such a manner that 

0<e<27r, (110.6) 

by which condition 0 is completely determined. In particular, if g is 
a real, positive number, then 0 = 0, while, if g is a real, negative number, 
0 = 7t. 

It will now be investigated as to whether the inequality 


Xo(z)<-r~- 0 1 ( 110 - 7 ) 

Z ■ ' ' " C 

is fulfilled, where c is any end a^, 6*; this condition must, by supposition, 
be satisfied by any sectionally holomorphic function. By (110.6), 

0<a<l. (110.8) 

If g is not a real positive number, then a # 0, 1 — « < 1 . Hence, ex- 
cluding the case when g is real and positive, the inequality (1 10.7) will 
be fulfilled by taking p = « for c = a^, p = 1 — a for c = 6*. 

One has 

(z = (z = e-(«+<P) loitU-"*) s e-{a+<waoBr+i»)^ 
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where r = ] ^ — a* |, » = arg (z — a^). Hence 


{z — a*)-Y = e-«loKr. © 


© 


1 * 


where © = go that | ® | = 3# When z is in the neighbourhood 

of the point in the plane, cut along L, then ^ lies between finite limits (because 
z cannot cross L) and therefore | 0 j is bounded and, in addition, 1 © | > a, where 
a is a positive constant. Similar reasoning applies to the neighbourhood of the 
point bic- 


Thus, a particular solution X^{z) of the homogeneous problem has 
been found (for a ^ 0) ; it is given by (1 10.2) with y determined by (1 10.5). 
This particular solution does not vanish an 5 where in the finite part of 
the plane and it is unbounded like | 2 : — |“* and \ 2 — 6* near 

the ends a* and 6*. respectively. 

The most general solution of the homogeneous problem will now be 
found which has a pole at infinity. For this purpose it will be noted 
that 2 ^ 0 ( 2 ). being a solution of the homogeneous problem, satisfies the 
condition 

on L, (110.9) 

whence 

S==YWonL. (110.9') 

Replacing in ( 110.1') g by its value (110.9'), one obtains 

F+(0 F-{t) _ _ ^ , 

XiW 

or 

Fi(f)-Fi(0 = 0 on L, 

where F^,{ 2 ) denotes the sectionally holomorphic function F{z)IXf,{z). 
It follows from the preceding relation that F*( 2 :) is holomorphic in the 
entire plane, except at the point z = 00 , provided it is given suitable 
values on L (cf. § 109). Further, since F*( 2 ) can only have a pole at 
infinity, it must, by the generalized Liouville theorem, be a pol 3 momial. 

Thus, the most general solution of the homogeneous problem is given 
by 

F{z) = X^{z)P{z), (110.10) 

where P{z) is an arbitrary polynomial. 

If it is desired to obtain a solution which is also holomorphic at 
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infinity, it must be assumed that the degree of the polynomial P{z) 
does not exceed m; this follows from the behaviour of Xo(^) at infinity, 
as determined by (1 10.3). If one requires that F{oo) = 0, then the degree 
of P{z) may not be higher than n — 1 . 

In general, the solution (110.10) will not be bounded near the ends. 
However, if it is desired to find the solution which is bounded near the 

given ends c^, Cp, the polynomial P(z) must be chosen in such a 

manner that it vanishes at these points, i.e., P(z) = (z — c^) (z — Cj) . . . 
(z — Zp)Q{z), where Q{z) is a pol 5 momial. In that case the solution P(i|l 
will not only be bounded near the ends Cj^, but it wiU vanish there. (Ii 
is seen that a solution which is bounded near certain ends, but does not 
vanish there, does not exist, assuming, of course, all the time that a # 0.) 
Writing 

X,(z) = X,iz) (z - c,) {z-c,)...(z- c,). (1 10.1 1) 

all solutions bounded near the ends c^, c^, ■ • .,Cp may be represented 
in the form 

Fiz) = X,(z).Qiz), (110.12) 

where Q{z) is an arbitrary polynomial. 

Naturally, X^{z) is itself a particular solution of the homogeneous 
problem, similar to Xo(z). However, it is bounded near the given ends 
and it vanishes at these ends in such a way that 

X^(z) = |z — c,r.0, 0<|i<l, (110.13) 

0 being a bounded quantity; in fact, 1 0 | > « = const > 0. [cf. remarks 
following (110.8)]. 

Among the solutions A,(z) the two following will be specially noted: 
X{z) = Xo{z) n (z — a^) (z dj) = IT (z — (z — bj)\ (110.14) 
which is bounded near all ends (where it actually vanishes), and 

X*(z) == Xo(z) n (z — f>,) = n ^ (1 10. 15) 

1=1 #-i 

which is bounded near the ends bj, j = 1,2, . . ., « (where it vanishes). 
For large 1 z 1 these solutions have the forms 

P-i 
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^*(2) 1+ — + ^+ (110.17) 


Next consider the non-homogeneous problem. Using (110.9'), the 
boundary condition (110.1) may be written 


^~(<) ^ m 

Xt\t) Xo(<) Xt{t) 


or 


where F^{z) = F{z)IXo{z), /*(/) = /(<)/^J(<)- 
Using the results of § 109, one finds 


F{z) = 


Xoiz) i{t)dt _ 
2Tti J Xf(t—z) 


+ X,(z)P(z). 


(110.18) 


where P{z) is an arbitrary polynomial. This is the general solution of 
the problem, admitting a pole at infinity. 

If it is desired to obtain the solution, holomorphic at ^ = cx3, it must 
be assumed, in view of (110.3), that P{z) is a polynomial of degree not 
higher than n: 

P(z) = CoZ” + + . . . + C„_iz + C„, (1 10.19) 

where Cj, . . . , C„ are arbitrary constants. If, in addition, it is re- 
quired that F(oo) = 0, one has to assume Co — 0. 

In general, the solution F(z) will not be bounded at the ends a^, bk- 
However, by a suitable choice of the pol)momial P(z), it may be ar- 
ranged that it is bounded at certain ends Cj, Cj, . . . , c,. It is simple 
to prove this directly by constructing the general solution, having that 
property. For this it will be sufficient to repeat the reasoning leading to 
(110.18), but using, instead of the particular solution Xo(z), the solution 
Xp(z) as determined by (110.11). 


Also in that case one is led to the condition Fi(t) — — /•(<). where this 

time 




F(z) 



however, Xp(k) vanishes now at the ends c,, . . ., c,: but since, by supposition, 
the unknown function is bounded near these ends, | F^(z)l<A/j z — c, |'*,0£; |i< 1, 
and the former reasoning applies, provided one does not consider the fact that. 
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in general, f^(t) is not bounded near the ends Cj. It is readily shown by study of 
the behaviour of /*(/) near these ends [cf. N. I. Muskhelishvili [25]) that this cir- 
cumstance is of no importance. As a matter of fact, it has been shown earlier that, 
if a solution of the required type exists, it is given by (110.20) and that the first 
term on the right-hand side of (110.20) actually remains bounded near the ends 

Cl, C2, . . . , 


Thus the general solution, bounded near the ends c^, Cg, . . . , is 
given by 


F{z) 


X,(z) f f{t)dt 
ini J X+(z){t-z) 


+ X^(z)P(z), 


( 110 . 20 ) 


\ 


where P{z) is an arbitrary polynomial. 

It follows from (110.11) and (110.3) that for large | 2 | 


X„{z) = zp— + + . . . : (1 10.21) 


therefore X^{z) is holomorphic at infinity only for p < n. 

lip < n 1, the first term on the right-hand side of (1 10.20) remains 
bounded as z -> oo and, in order to obtain a solution which is also ho- 
lomorphic for 2 = oo, one must assume that P(z) is a polynomial of degree 
not higher than « — for ^ = « -f- 1, one has to assume P{z) — 0. 

However, ii p> n d, solution which is holomorphic at infinity 
will only exist, provided certain conditions, to be stated now, are satisfied. 
Since for large | z \ 


1 


t 2 



t P 


one has the expansion, likewise valid for large \z \, 

1 f f(t)dt ^ A, A, 
2nij 'Xf{t){t — z) I ' ' 22 " 

L 

where 


* 27»./ X+{t) 

Jj 


1.2 


( 110 . 22 ) 


(110.23) 


Hence, if it is required that the solution (1 10.20) should be holomorphic 
Jl infinity for /> > « -f- 1 , then one has to put P(z) = 0 and, in ad- 
dition, f{p) must be subject to the conditions /I* = 0, 1,2, ..., 
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^ — M — 1, i.e., 

2TziJ x;{i)~" 

L 


k = 1,2, . . .,p — n — 1. 


(110.24) 


Thus (1 10.24) must be satisfied, in order that for ^ > « + 1 a solution, 
holomorphic at infinity and bounded at the ends Cj, c^, . . . , c^, may exist. 

Further, if it be required that F(oo) = 0, then in the preceding formula 
1,2, ...,p — n. 

Hitherto the case where a = 0 has been excluded, i.e., the case where g 
is a real, positive number. If a = 0, one may use the particular solution 
X^,(z), determined by (1 10. 15). It is readily seen that this solution remains 
bounded near all ends and does not vanish anywhere when y — 
Applying the same reasoning as before, one obtains the general solution 
of the problem 


F{z) = 


X^(z) 

2Ki 


f 


f(t)dt 

xim- 


z) 


- + X^(z)P{z), 


(110.25) 


where P{z) is an arbitrary polynomial; in the present case the solution 
is seen to be necessarily bounded near all ends. If it is desired to find a 
solution, holomorphic for z = oo, one has to put P{z) = C = const., 
as may be seen from (110.17); if, in addition, F{oo) = 0 is required, 
then P{z) ~ 0. 

The formula (110.25) is, of course, also applicable for when 

it becomes a particular case of (1 10.20) and gives all solutions, bounded 
at the ends • • • . 

Finally, the general solution of the problem will be found under 
the supposition that it may have poles of order not greater than 
m^, . . . , mj, w at the given points Zj, Zj, . . . , Zj, oo. Reasoning as before 
and taking into consideration (108.5), one obtains for the general solution 
of the required form, applicable for a # 0, 


F{z) 


X,{z) 


H 


f(t)dt 


2ni J X^(t)(t-z) 


+X,(z)R{z), 


(110.26) 


where R{z) is a rational function of the form [cf. (109.6)] 

«« = ?. { 7 ^ + + ■ • • + 

P(z) being an arbitrary polynomial of degree not higher than fw + 
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The polynomial P{z) must be such that the pole of P{z)X^(z) at infinity is not 
of greater order than m\ however, it is known th^ for large | .r | : X^{z) = 0(ilz”'.) 

When a = 0, an analogous formula results which is obtained by 
substituting Xt^{z) for that case the degree of the polynomial 

P{z) must not exceed m, because for iMge | z | 

X^(z) = 1 + -I=L + . . . . 
z 

In conclusion, note the particular case of the problem under consi- 
deration when g = — 1 ; the boundary condition takes then the form 


F+{t) + F-(t) = m, 

(1 10.28) 

and one has 



Y = a 4 - ip = 

. 1 

27ti 2 

(110.29) 

Hence, by (110.2), 



Xoiz) = n{z-a,)-^(z~b,r^^ 

13=1 

1 



(110.30) 

1 

> 

~bi)...(z — a„){z — b„) 

and, by (1 10.14) and (1 10.15), 



^■(z) — V (z «x) — 

-bj)...iz — a„)iz — b„), 

(110.31) 

VlT- 

X^{z) = 

V{z - 


(110.32) 

-«j)...(2 — a„j 

The most general solution of the problem, admitting a pole at infinity, 
is given by (1 10.18) with A’o(2) replaced by the value (1 10.30) ; using the 
fact that now A'q(z) = \jX(z), one has for the general solution 

2m X(z) J 

■' xHt)mdt p{z) 

t — z X\z) ’ 

(110.33) 




where X{z) is determined by (1 10.31) and P{z) is an arbitrary polynomial. 
Assuming the degree of the polynomial not to exceed n, one obtains 
the solution which remains holomorphic at infinity. 

The solution, bounded near all ends, is obtained from a formula which 
follows from the general formula (110.20) for p = 2n and Xp{z) deter- 
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mined by (110.31); 

F{z) 


Mzif_ mdt 

27tt j — z) 

L 


+ X{Z)P{Z). 


(110.34) 


If the solution is also to be holomorphic at infinity, one must assume 
P{z) — 0 and, in addition, subject the function i{t) to the following 
conditions, which follow from (110.24): 

0, A=l,2, ...,n 1. (110.35) 


1_ C P--^i{t)dt 
'27dj ""X+{t)~ 


If also F(oo) = 0. then A = 1, 2, . . ., « in (1 10.35). 


NOTE. 1. In many cases the integrals, occurring in the formulae 
of the present section, may be easily evaluated in finite form. For 
example, this is true in the case, which often occurs in practice, when 
/(/) is a polynomial 


f{t) = A J”' + + 

In fact, consider the integral 


I{z) = I 


x;m-z) 


(110.37) 


which occurs in (110.20); in particular, 
for p — 0, one obtains the integral of 
(110.18). 

Simultaneously with the integral I 
consider another integral 


Cliz) 


_ 1 _ r /( 
ini J XJC 




XM~z) 


(110.38) 


+ -do- 


(110.36) 


where A is the union of the « con- 
tours Aj, Ag, . . . , A„, surrounding the 
arcs Li, Lj, . , L„ in clockwise direc- 
tion, as shown in Fig. 49, and assume 
that in this case z remains outside these contours 



Fig. 49. 
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Using (1 10.21), it is concluded that for large | ^ 


“ill)' "" + . . • + “0 + + . . . , (1 10.39) 

where q ^ n — p + m and the coefficients a^_j, . . ao (the others 
not being required) are easily determined by elementary means. 

In fact, is the product of binomial terms of the form whiclj 

may be expanded as follows ^ 

vX/i -V ^ \ 


(S— = I) — + 


1.2 


By (110,21), the sum of the exi3onents X equals^w — p, i.e. an integer (or zero). 
Hence, by (70.3'), one obtains 

"" X^{z) ' ““ 

(if q <0, the polynomial on the right-hand side will vanish). 

In (70.3') the integral is taken over one contour only, but obviously this is of no 
imjjortance. The difference in sign arises from the fact that the positive direction 
of the path of integration in the present case is opposite to that in § 70. 

On the other hand, letting the contours A» shrink into the arcs L* 
and noting that X„{X,) in (110.38) will then tend to X^(f) or X~{t), de- 
pending on the position of ^ on A*, it is readily seen that 




fiQdK 


fm 


J X,iQ{K-2) J X;(t){t-z) J X;m-z) 

Ajt ajkbk 6 * 0 * 

or, since one has X~(() = llgX^{t) on and must change the sign of 
the integral when replacing the path by the path a,Jb^, 


X,{X,){X.-z) 


(I-g) 


fifydt 


hence it is obvious that 


mdx. 


(i-§) 


f(t)dt 

x;{t)(t-z) 
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Consequently 


m 


-I 




2Ki 


x;(t)(t-z) 


£i(z) 


1 _g 

2ni f f{z) 


2ni f 

— I 


l-g ^X,{z) 


■ OL^Z" ■ 


“o}- 


(110.40) 


The fact that the function \IXj,( 2 ) may be unbounded near the ends is easily 
seen not to influence the above reasoning, since near any end c 

1 const, 

and hence integrals, taken over a small circle surrounding the end, tend to zero 
(cf. Fig. 49). 


Integrals of the form 

j ■ 

L 


(110.41) 


where tn is an integer (positive, negative or zero), may likewise be 
evaluated in finite form. In fact, proceeding as in the preceding case, it 
is found that 






X,{Q 


where A is the same as before. On the other hand, if a_„ denotes the 
coefficient of z-”* in (110.39), then, by the residue theorem. 


f 

J 


= — 27rta_„ 


and, consequently. 


f 




27ria_^ 

T^- 


(110.42) 


Analogous results may be obtained when f(t) is a rational function, and 
not only a pol 3 momial. 

It must be borne in mind that, if f{t) is represented by different po- 
lynomials (or different rational functions) on the different arcs con- 
stituting L. then the calculation of the preceding integrals may, in general, 
not be as easily performed. 



448 VI. APPLICATION OF THE PROBLEM OF LINEAR RELATIONSHIP §111 


If L only consists of one arc and if /(O is not a polynomial, then in the 
majority of cases which are of practical interest one may replace /(<) with 
sufficient accuracy by a polynomial with a small number of terms, or by a 
rational function. 


NOTE. 2. When solving the boundary problems above, the selected 
particular solutions Xj,(z) of the homogeneous case have been used in 
a definite manner. However, it is obvious that nothing will be changed, j 
if Xj,(z) is replaced by CXj,{z), where C is an arbitrary constant which! 
is not zero. It is only important in (1 10.20) and those formulae, connected \ 
with it, that X* (i) on L is the value taken by the selected functions Xj,{z) ^ 
on L from the left. \ 

For example, let g = — 1 and L be a segment ab of the real axis. 
In agreement with the above condition, that branch of the function 

X{z) V{7— a) {z — b) 


in (1 10.33) must be taken which for large | « | is given by 




a-\-b (a — 6)* 

__ 




This function takes on the segment ab purely imaginary values. But 
sometimes it is more convenient to deal with a function, having real values 
on this segment. Such a function is, for example, 

Viz — a) {b — zj = ± iV {z — a) [z — 6) = dh iX{z). 

If one takes the lower sign, i.e., 

V{z — a) {b — z) = — iX{z), 

one obtains a function which is easily seen to take positive values on 
the left side of the segment ab of the Ox axis. 


§ 111. Case of discontinuous coefficients. It is also not difficult 
to find the solution in the case, where the coefficient G{t) in the boundary 
condition 

F+(0 — G{t)F-ii) = f(t) on L (111.1) 

remains constant on different parts of L, but changes discontinuously 
for transition from one part to another; in this connection the term "part” 
refers to sections, into which the line L may be divided by a finite number 
of points Cf on it. However, in this case one has to admit that the function 
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•F(z) may be unbounded near the points of discontinuity as well as near 
the ends of the line L, where it must satisfy the same condition as at 
the ends ; in general the points will be analogous to ends. 

It will be left to the reader to deduce the solution in the general case; 
only the following particular case will be studied here, which is the only 
one required in the sequel. 

Let Z, be a simple contour and let 
this contour consist of the n arcs 

without common ends (Fig. SO); the 
notation has been chosen such that 
during a circuit of L in the positive 

direction the points a^, 

«„,6„ are encountered in the stated 
order. 

Denote by L' the union of the arcs 
Lt, A = 1, 2, and by L” the 

remaining part of L, i.e., the union of the arcs h^a^, b^a^, . . , and 
assume that 

= g on L', G(t) = 1 on L", (111.2) 

where g # 1 is, in general, a complex constant. Thus the boundary 
condition (111.1) takes the form 

F+(0 — gF-(t) = m on L', F+{t) - F-(t) = f(t) on L". (1 1 1.3) 

It will be assumed that the given function f{t), satisfying the H con- 
dition on L' and L" separately, may change discontinuously for passage 
through the points aj, bj. 

The homogeneous problem will be considered first: 

F+{t) — gF-(t) == 0 on L\ F+{t) — F-{t) = 0 on L”. (Ill .3') 

The second of these equations shows that the values of the unknown 
function F(z) inside and outside L continue each other analytically 
through the part L" of L, or, in other words, that L” is not effectively 
a line of discontinuity. 

Thus one arrives at the same homogeneous problem 

F^t) — gF-{t) = 0 on L', ( 1 1 1 .3") 

where F(z) is a function, holomorphic in the plane cut along L’, as in 
the preceding section. Hence, for example, the function .X^q(z'), deterr 

Theory of Elasticity ^ 
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mined by (110.2) and (110.5), is, for a^tO, a particular solution of 
(111.3'), as may easily be verified directly; for a = 0, one has to take 
X*(«), determined by (110.15), instead of ^0(2). 

Now consider the non-homogeneous problem (1 1 1 .3). Using the solution 
XqIz) and noting that, by (110.9') [remembering that here L' takes the 
place of £ in § 110], one finds that 

and that 

because the function ^9(2) is holomorphic everywhere, except at points 
of £'; consequently (111.3) may be written as one single formula 

^ m , 

Xf(()' Xo^iij ' 


whence, as in § 108, 


F(z) = 


X^(()(i — zj 


+ Xo(z)P(z). 


( 111 . 6 ) 


where P(z) is an arbitrary polynomial and F(z) may have a pole at in- 
finity. 


The formula (111.6) does not appear to differ from (110.18); however, this is 
due to the notation : in (1 10. 18), the integral is taken, in the notation of this section, 
along L', and not along L. The formula (1 1 1.6) will actually agree with (110. 18), 
if /(<) = 0 on L", and this is quite natural, since in that case one is dealing ef- 
fectively with the same problem. 


If the function is to be holomorphic at 2 = 00, it must be assumed that 
the degree of P(z) does not exceed n; if F{z) is to vanish at infinity, the 
degree of P{z) must not exceed n — 1 . 

If g is a real, positive number, then one has to take in (1 1 1.6) ^*(2) 
instead of Xo(2). 

If F{z) may have poles at given points, not on £, the formula (1 1 1.6) 
must be replaced by another one, analogous to (1 10.26). 

Finally, it may be noted that the preceding results are easily extended 
to the case, where the line £ extends to infinity, e.g., where it is an infinite 
strdght line; this extension is so obvious that no more need be said here. 



Chapter 19 


SOLUTION OF THE FUNDAMENTAL PROBLEMS FOR THE 
HALF-PLANE AND FOR THE PLANE WITH STRAIGHT CUTS 


The results, studied in Chapter 18, offer the possibility of solving in 
a very simple manner the principal boundary problems for those cases, 
where the region under consideration is the half-plane or the plane with 
straight cuts (along one and the • 

same straight line), including the 
first and second fundamental 
problems for the half-plane which 
have already been considered in 
the preceding Part. Some of 
these problems, and likewise 
the important problem of con- 
tact of two elastic half-planes, S” 

will be considered in this chapter. Fig. 51 . 






§ 112. Transformation of the general formulae for the half- 
plane *). It will be assumed that the elastic body occupies the lower 
half-plane y <0 which will be denoted by S', so that the region S“ is 
to the right, if one moves in the positive direction along the Ox axis. 
The upper half-plane will be denoted by S+ and the Ox axis by L. (Fig. 
51). 

First, general formulae will be recalled which will constantly be used: 

A, 4- y, = 2[(D(2) + 0(2)]. (112.1) 

y, - A, 4- 2iX, = 2[iO'(2) -b T(2)], (1 12.2) 

2p(M 4- ^^^') = “ ^?'(^) ~ 

where 0(2) = <p'(z), T( 2 ) = (j^'( 2 ) are functions, holomorphic in S". As 
in Chapter 16, it will be assumed that the resultant vector (A, y) of 
the external forces, acting on the boundary, is finite and that th^ stresses 

•) N.I. M«skhelishvili [22J. 
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and rotation vanish at infinity \ hence one has for large | 2 |, as in § 90, 


27t2 
W{Z) 


X — iY 


9(2) = 

4,(2) 


2-kz 

X + iY 


+ 


»(v). 


27t 

X — iY 


log 2 + 0 ( 1 ) + const.. 


27C 


log 2 + o(l) + const. 


The following formula follows from (112.1) and (112.2): 


y. - iX, = 0(2) + 0(2) + 20'(2) + 'Viz), 
while the formula 


(112.4') 


(112.5) 


( 112 . 6 ) 


2[l{u' + iv') = k 0 ( 2 ) — 0(2) — 20'(2) — T( 2 ) ( 1 12.7) 

is obtained from (112.3) by differentiation with respect to x, so that 

(112.8) 


, du , dv 
u' = - — , v' = 


dx 


dx ' 


where this notation will be used in the sequel. 

These formulae will now be transformed by extending the definition 
of the function 0 ( 2 ) to the upper half-plane. This extension may be 
achieved in many ways, becau.se 0 ( 2 ) is, in general, not defined in the 
upper half-plane. However, practically useful formulae are obtained by 
executing the process by definite methods, one of which has been stated 
earlier, while another analogous one will be indicated in § 1 13. In fact, 
the function <[>( 2 ) has been defined in the upper half-plane in such a way 
that its values there continue 0 ( 2 ) analytically from the lower half-plane 
through the unloaded parts of the boundary (if such exist). 

A way of doing this is easily deduced from (1 12.6) [cf. Note in § 93]. 
Actually, this formula shows that on the unloaded parts of the boundary, 
where obviously Y~ = X~ — 0, 

<!>-(<)— ®+(/) = 0, (a) 

provided that in the upper half-plane the function 0 ( 2 ) is defined in 
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the following manner: 

<D( 2 ) = — — ^'{z) — Y{z) (for ^ in S+). (1 12.9) 

Here use has been made of the notation, introduced earlier; in fact, 
the signs (-1-) and ( — ) indicate the boundary values from the left and 
from the right of L (i.e., in the present case, from the upper and lower 
half-planes), while F{z) denotes the function obtained from F{z) in the 
following manner (§ 76) : 

F{z) = F(z)-, (112.10) 

if F{z) is holomorphic in 5“[or 5+], then F{z) will be holomorphic in 
S+[S-]. 

It will also be remembered [(76.6), (76.6')] that, if F{z) is defined, say, 
in the lower half-plane and if F~(t) exists at a point t of the real axis, then 
F+{t) exists and 

F-(t)^F+{t); (112.10') 

similarly, interchanging the parts played by the upper and lower half- 

planes, 

F^)^F-(t). (112.10") 

It is clear from the above that the right-hand side of (1 12.9) represents 
a function, holomorphic in the upper half-plane 5+, and that on the un- 
loaded parts of the boundary the condition (a) holds true. 

Replacing in (112.9) the variable z by z, assuming that z lies in 5~ 
(and hence z in S+) and taking conjugate complex values on both sides 
of (1 12.9), one finds 

O(^) = — <I>( 2 ) — z<J>'(z) — T(^), 

whence 

T(2) = — <I>(^) — ®(z) — Zfi>’{z ) ; (1 12.1 1) 

this formula expresses 'F( 2 ) for z in S~ in terms of <I>(z) which has been 
extended into the upper half-plane. 

Without the extension of 0(-s:), the formula (1 12.1 1) does not make sense, because 
it involves which is, by definition, equal to <I>{i) ; however, in order that 
for z in the lower half plane (i.e., for z in the upper half-plane) have a meaning, the 
function must be defined in the upper half-plane. 
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Introducing the value (112.11) for in (112.2), one obtains the 
following expressions for the stress components in terms of the single 
function ^{z), defined in the upper as well as in the lower half-plane: 

X. -t- 0(i)], (112.12) 

y. — X* 4- 2iX, = 2[( i— «)0'(2) — <D(2) — ®(2)], (1 12.13) 

whence 

Y^ — iXy = 0(2)’— <D(i) + (2 — i)O'(i), (112.14) \ 

where the last formula could also have been obtained directly from ( 112 . 6 ). 
Further, it follows from (112.7) that 

2\i{u' 4 - iv') = xO( 2 ) 4 - 0 ( 2 ) — (2 — i) 0 '( 2 ). (1 12.15) 

An expression for 2\l{u 4- iv) is likewise easily deduced, if one also 
extends 9(2) into the upper half-plane under the condition cp'(2) == 0 ( 2 ) 
in the upper half-plane as well. Noting that, by (112.9), in the upper 
half-plane 0 ( 2 ) = — [ 2 :<p'( 2 ) -f ^(■ 2 )]'. one obtains 

9 ( 2 ) = — z(^'{z) — (j;( 2 ) 4 - con.st. (for 2 in S+), (1 12.16) 

and hence, as before, 

({(( 2 ) = — 9 ( 2 ) — zf^'{z) 4 - const, (for 2 in S~). (1 12.17) 

With this value for (}/( 2 ) the formula ( 1 12.3) becomes 

2[l{u 4- iv) = y.(p{z) 4 - 9 (i) — (2 — 2 ) 9 '( 2 ) 4- const. ; (1 12.18) 

it is seen that for a given function 0 ( 2 ) the displacements are defined 
apart from a rigid body translation, as was to be expected. 

If the rotation does not vanish at infinity, the arbitrary constant which in- 
fluences the rigid body rotation enters into the function <I>(^) and in this way 
into <f{z) on the right-hand side of (112.18). However, under the present condition 
by which the rotation is to vanish at infinity, the function ^{z) is uniquely de- 
termined for any given state of stress of the body. 

It wiU be noted that it follows from the definition of the function 
4 >( 2 ) in the upper half-plane and from the conditions (1 12.4) and (1 12.4') 
which, of course, refer to the lower half-plane that the conditions (1 12.4) 
also hold for the upper half-plane. 

In the sequel, it will be assumed that 9(z) is continuous from the left 
and from the right at all points t of the real axis, except possibly at a 
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finite number of points which will always be specially 

mentioned (so that no such points will exist, unless stated otherwise) 
and that 

lim y<!>'{z) = lim yO'(^ ty) = 0 (1 12.19) 

V->0 ty-»-0 

for any point t of the real axis, except possibly for ...» These 
restrictions are to ensure that the stresses Yyy Xy tend to definite 
limits for z the exclusion of the points tj has been introduced, in order 
not to lose solutions which are practically important. 

Finally, it will be assumed that near the points mentioned above, 

0<a<l. (112.20) 

§ 113. Solution of the first and second fundamental problems 
for the half -plane. The solutions of the first and second fundamental 
problems were given in §§93, 94; new solutions will be deduced here 
on the basis of the formulae of § 112, thus exhibiting their simplest ap- 
plication. 

1°. First fundamental problem. In this problem the 
external stresses are given, i.e., the pressure P{t) = — Yy [denoted in 
§93 by — X{t)] and the tangential stress T{t) == applied to the 
entire boundary Ox which will again be denoted by L. It will be assumed 
that P{t) and T{t) satisfy the H condition on L, including the point at in- 
finity, and that they vanish for t = oo. 

By (1 12.14), the boundary condition takes the form 

O+(0 — O-(0 = P{t) + iT{t), (1 13.1) 

because for z, tending to t from the lower half-plane, the functions 
0 ( 2 ) 0~(/), 0(i) ~>0+(f), while {z — 2 ) 0 '(i) = 2 zyO'( 2 ) tends to zero 

by (112.19). 

Strictly speaking, (112.19) only ensures the limit yO'(^) 0, when z t along 

the normal to the boundary. However, it is readily verified by means of a simple 
estimate of the derivative of a Cauchy integral, stated in the Author's book [25], 
that the final result gives a regular solution of the problem. 

A solution of the boundary problem (113.1), vanishing at infinity, 
may be written down on the basis of the results of § 108, where only the 
case of a finite line i has been considered; however, the applicability 
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of the relevant formulae to the present case is obvious. In fact, 

A 

it is easily decided what additional conditions must be imposed on 
P{t) and T{t) so that 0(2) satisfies (112.4), and this will be left to the 
reader. i 

The problem is thus solved, because 0 ( 2 ) determines the components! 
of stress and displacement by the formulae of § 1 1 2. \ 

2°. Second fundamental problem. In this problem the 1 
boundary values of the displacement components u, v are given, i.e., 
u~ = gi{t), v~ — g^it) on L. It will be assumed that the given functions 
gi{t) and gaW have derivatives g[{f), g^{t), satisfying the H condition on L 
including the point at infinity, and that they vanish for t — 00 . 

The boundary condition 

u~ -f- iv~ = gj(<) + igz{t) on L (1 13.3) 

gives, after differentiation with respect to t, 

(u~y + t(v-y = g'(() + ig^(t) 

or, assuming that the boundary values of the partial derivatives v' 
are equal to the derivatives (m~)', (v~y of the boundary values, 

u'- + iv'- ^ g;(t) + tg^iO. (113.4) 

By (112.15), this condition takes the form 

<l)+(0 + x<D-(0 = 2ii[g;(i) + tg’(t)] on L. (1 13.5) 

The validity of the assumption u'~ = (u-)', v'- — (v-)' under known conditions 
referring to the given functions gi{t), gi{t) may be verified after the solution has 
actually been constructed. 

For the time being, denote by Q( 2 ) the following sectionally ho- 
lomorphic function: Q(z) = <^{z) in 5+, £ 2 ( 2 ) = — xO( 2 ) in S~. Then 
(1 13.5) takes the form 

£j+(/) _ £ 2 -(<) = 2(i[g;(0 + igim on L, (1 13.6) 


and hence, as in the preceding case. 


r\/^\ 


f g'lit) + kiii) 




/II"? 7^ 
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SO that, finally, 

r 0(2:) for y > 0, 

<^{z) = 1 

Q.(z) for y < 0, 

1 X 


( 113 . 8 ) 


where Q(z) is determined by ( 113 . 7 ). The investigation of the behaviour 
of this solution at infinity will be left to the reader. 

The scctionally holomorphic function Cl{z), introduced in the above manner, 
may again be denoted by <P{z); one then obtains an extension of the original 
function ^(ir) into the upper half-plane, different from that stated in the preceding 
section. This new method of extension is characterized by the fact that the values 
of in the upper half -plane analytically continue the values in the lower half- 
plane through those parts of the boundary (if such exist) where u' — v' ~ 0 

The solution is also easily deduced when one begins with ( 112 . 18 ); 
however, the above solution is more convenient, because it does not 
require an additional investigation, arising from the fact that 9(2) is 
not holomorphic at infinity, but behaves there like log z, unless a further 
condition, restricting generality, is imposed, as was done in § 94 . 


§ 114. Solution of the mixed fundamental problem. 

If there is only one segment of the real axis on which displacements are given, 
i.e., if in the notation of the main part of this section w — 1, the problem is fairly 
simple; however, no effective solution of this problem was obtained in the Author’s 
paper [20], published in 1935. Two years later, V. M. Abramov [1] gave a more 
effective solution of this case, using Mellin’s integrals. The solution of this section for 
arbitrary n w'hich was first presented by the Author in his paper [22] is incom- 
parably simpler. A somewhat more complicated solution which is in essence closely 
related to that studied here was deduced soon afterwards by N. I. Glagolev [1,2] 
who was not acquainted with the Author's work [22]. 

Let jL' = Li -f- Lg + . . . + be the union of a finite number 
of segments ajcbjc of the real axis Ox, numbered in such a way that they 
are encountered in the order b^, bn when moving along 

the real axis in the positive direction. Let the components of displacement 
be given on L' and those of the external forces on the remaining part 
L" of the real axis. As before, it will be assumed that the elastic body 
occupies the lower half-plane S^; its boundary, i.e., the real axis, will 
be denoted by L = L' -f L". 

Since one knows how to solve the first fundamental problem, the 
mixed fundamental problem under consideration may obviously always 
be reduced to the case where the components Xy of the external 
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stresses, given on L”, are zero. Hence it will be assumed that the part 
L" of the boundary is free from external forces, i.e., that 

y; = X- = 0 on I”. (114.1) 

(The solution of the general case may also be deduced directly; cf. the 
Note at the end of this section). 

In view of the considerable practical importance of the present problem, 
the ordinary mixed problem in the form, formulated above and to be| 
called Problem A , will be studied side by side with a somewhat modified ^ 
problem, to be called Problem B. 

In both these problems the boundary condition on L' has the form 
u- + iv~ = g(t) + c{t) on L', (114.2) 

where g{t) = g^{t) + ig^{t) is a function given on L'. 

In Problem A, it will be assumed that c{t) = c = const, on L’ and that, 
in addition, the resultant vector {X, Y) of the external forces, applied 
to L', is known. Without affecting generality, one may, for example, 
put c = 0, because its value only influences the rigid body tran.slation. 

In Problem B, it will be assumed that c{l) — c*. on Lj., where the c,. 
are constants which are intially unknown and which are, in general, 
different on different segments. In this case it will be assumed that the 
resultant vectors {X^, Y*.) of the external forces, applied to the individual 
segments Z.*, are known. Without affecting generality, one of the constants 
Cj, may be fixed arbitrarily, i.e., one may, for example, put = 0. For 
« = 1, the problems A and B coincide. 

The physical meaning of these problems will now be explained. One 
may imagine that rigid stamps with given profiles are placed on the 
segments Z*, = at-b^, that the points of the segments Z* of the boundary 
of the elastic body are brought in a definite manner into contact with 
the points of the profiles of the rigid stamps and that the same points 
remain (or are welded) together. Further, suppose that given forces be 
applied to the stamps and that the stamps can only move vertically. The 
problem of finding the equilibrium of the elastic half-plane under these 
conditions is Problem A, provided the stamps are rigidly inter- 
connected; if the stamps can move vertically, independently of each 
other, one arrives at Problem B. 

For greater understanding, consider the following particular case. 
Let there be only one stamp the profile of the base of which before contact 
with the elastic half-plane is given by y = f{x), a < x <. b. Further, 
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assume that the stamp is pressed into the half-plane by a given force, 
perpendicular to the boundary, and that the friction between the stamp 
and the elastic body is so great that no slip can occur. Then, assuming that 
the segment V = ah of the boundary of the body has come into contact 
with the stamp, one obtains the boundary condition (114.2) in which 
== where gj^(t) — f(t), g^{t) = 0 and c(t) ~ c is a constant 

which may be put equal to zero. The case of several stamps, whether 
they are interconnected or not, is quite analogous. 

These problems represent idealizations of the problems of the pressure of founda« 
tions on the ground in the presence of sufficiently large friction (or, more correctly, 
cohesion), since slip and after-effects are excluded. 

The above problem m^y be generalized in the way that the stamps 
are not only permitted to move vertically, but also to rotate; this case 
will again be referred to later on. 

It is easily shown that neither of the problems A and B can have more 
than one solution, neglecting rigid body motion of the entire system 
(elastic half-plane and stamps). In fact, the proof of §40 (cf. also end 
of § 90) may be repeated almost word for word, if it is noted that in the 
present case the integral of the expression + Yn'v)ds along the 

boundary of the region for the difference of two possible solutions is zero. 
Actually, one has on the part L" of the boundary: Xn = Yn = 0. Further, 
for Problem A, it may be assumed that the difference of the solutions 
u V 0 on the boundary; however, for Problem B (where for the 
difference of the solutions u = const., v = const, on L^), all the integrals 

I {uXn + vYn)ds ~ u I X ^dt + ^ I Y^dt = tiX^ + vY ^ 

Ljb Ljt Lie 

vanish, since the resultant vectors (X^, y*.), applied to Z,*, are zero for 
the difference of two solutions. 

In the sequel, the uniquess theorem will also be applied to cases, where 
the solution under consideration may cease to be regular near the points 
In such cases, uniqueness is obviously maintained, if the integrals 
of the expression {Xn w + YnV)ds, formed for the difference of solutions, 
when taken in S along infinitely small semi-circles about the points 
as centres, tend to zero together with the radii of the semi-circles. In all 
the cases considered below this condition will be fulfilled, as the reader 
may easily verify in each individual case. 

It will be assumed below that the function 0(^:) satisfies the conditions. 
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stated in § 112, and that the ends a^, hj of the segments Lj play here the 
parts of the points tj. In addition, the known function g{t) is to have a 
first derivative g'(t), satisfying the H condition on L'. 

In both problems A and B the boundary condition (114.2) gives 
(u~y + {iv-y — g'(i) on L', whence by (112.15) [cf. remarks following 
(113.5)] 

0+(i!) + x<D-(0 = 2ixg'(0 on £'. (114.3; 

However, the condition (114.1) is equivalent to the requirement thai 
0+(i) — 0~(<) = 0 on L", i.e., that <^(z) should be holomorphic in the\ 
entire plane, cut along L', and this will now be assumed. \ 

The condition (114.3) differs essentially from (113.5) in that now L' \ 
is only part of the Ox axis. 

A solution of the boundary problem (114.3), vanishing at infinity, 
may immediately be written down on the basis of (1 10.18). In the present 
case, by (110.5), 

= (~ ^ JogJ< , j 

27t* 2Tzi 2 

or 


where p is the real quantity 



(114.4) 


which was denoted by ( — p) in § 1 10. 

Therefore, by (1 10.2), 

Zo(2) = n (^_fl,)-H(3(^_j^)-i-.-3. 
k=l 

In future, Xq[z) will be denoted by X{z) and A'+(/) by X{t). Thus 

X{z) = n (^ - «,)-»+’■» {z - &*)-»-'» (1 14.5) 

fc=i 

and 

X(t) = Z+(0 = n (f — if — ( 1 14.6) 

fc-i 

where (114.6) refers to the value, taken by X{z) on the upper side of 
the Ox axis (i.e., from the left of Ox); if the point t lies outside L', i.e.. 
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on L", the values from the left and from the right coincide: X~{t) = 
j5C+(#) = X(t ) ; however, if t lies on L', one has, by the definition of the 
function X{z), X+{t) -f vX-{t) — 0, whence 

X-{t) = — 1 X+(<) = — 1 X{t). (1 14.7) 

X X 


Applying now (1 10.18), one obtains 

f gWi 

■i J 




■Kt J X{t) {t Z) 

L’ 


+ X{z)P„_,{z). 


where P„_i(2) is the polynomial of degree not higher than n 

+ Ci2"-2 + ... + C„_1, 


(114.8) 


(114.9) 


because, by supposition, the function 0(2) is to vanish at infinity. 

The coefficients Cq, Cj, . . . , C’„_i of the polynomial P„^i{z) have still 
to be determined from the supplementary conditions of problems A and B. 

Problem B will be considered first; in this case the known resultant 
vectors {X^, Y^) serve as supplementary conditions. In order to express 
these, the normal pressure P — — Y~ and the tangential stress T = X~, 
acting on the boundary of the half-plane at the stamps, i.e., on L', will 
be calculated. 

By (112.14), one has for the point on L' 

P(g -h iT(Q = 0+(g -o-(g (114.10) 

or, by (114.3), 

P{to) + iT{to)^~ -~<^HQ-^g'{to) on L'. (114.11) 

X X 


Applying to the right-hand side of (114.8) the Plemelj formulae, one 
easily finds 


^■*■(^ 0 ) = y-g'iQ + 


f 

Tci J 


L' 


gWi 

X{t) (t-t^ 


+ ^i^o)Pn-l{io) • 


substituting this value of ®+(g (1 14.1 1) and writing 


= 


M) f g'{t)dt 

m J X{t){t-to)’ 


(114.12) 
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one obtains 

p(g + iT{t,) = g'{t,) + --±J. (i,o(g + 

X X 

+ X(to) P„_i(g on L'. (1 14. 13) 

X 

By expressing that 

f [P(g + iT(t,)]dto = — Y^ + iX,, k== 1.2 «. (1 14.1^ 

one deduces a system of n linear equations for the determination of'^ 
the n constants C^; this system has a unique solution, as may be seen 
from the uniqueness of the solution of the original problem. 

Next consider Problem A. Since the solution found above satisfies 
the condition u'~ + = u~' + = g'(0 on L' (as is easily verified 

by substitution), one has on the segments 

u~ + iv~ = g(i) + Cj., 

where the c*, are constants. One has now to formulate the condition 

Cl = C 2 = . . . — c„; (114.15) 

having succeeded in satisfying this condition, one can also fulfill the 
condition Cj == Cj = ... = c„ = 0 by adding an arbitrary constant to 
the right-hand side of (112.18). 

In order to express the condition (1 14.15), the value of u'~ -f- iv'~ will 
be determined on the unloaded part L" of the boundary. By (112.15), 
one has for a point of L” 

iv'~) = (x -f- l)^(<o) — + i)^o(0 + (’t + l)'^(^o)'^n-l(^o)> 

(114.16) 

where OoW is given by (114.12) and to is now on Ox outside L' (i.e., 
on L”). Obviously (114.15) reduces to the following conditions: 

«*+l 

g'K+i) — Sih) = j{»'~ + iv’-)dto. * = 1, 2, ...,«— 1. (1 14.17) 

ft* 

Substituting in (114.17) for -f tV" from (114.16), one obtains a 
system oi n — 1 linear equations for the determination of the C/. One 
more equation is given by the condition that the resultant vector of 
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the external forces (X, Y) applied to L' is known. This last condition 
is most simply expressed, using the first of the form\ilae (112.4) which 
gives 

, X + iY 

hm z<t>{z) = . ( 1 1 4. 1 8) 


Applying (1 14.18) to (1 14.8), one deduces directly that the coefficient 
Cp of z”-^ in the polynomial Pn-\{z) is given by 


X + iY 
2tz 


(114.19) 


Thus only the coefficients C^, C^, .... have still to be determined 
from the above system of « — 1 linear equations. This system will 
always have a unique solution, as in the preceding case. 

In the particular case g'{t) — 0 (stamps with straight profiles, parallel 
to the axis Ox), the formulae (114.8) and (114.13) become very simple, 
since the integrals vanish. 

Hitherto it has been assumed that the stamps may only move vertically 
(i.e., at right angles to the boundary). The case will now be considered, 
where the stamps may rotate (of course, in their own plane). 

In Problem A (the stamps being rigidly interconnected), let e denote 
the angle of rotation of the system of stamps, measured counter-clock- 
wise. Then in the boundary condition (114.2) the function g{t) must be 
replaced by g{t) 4- izt and hence in all the subsequent formulae g'{t) 
Correspondingly an additional term, involving e as a 
multiplier, will appear in the expression for <J>{z). (This additional term 
may be calculated in finite form; cf. example 2° of § 1 14a). 


The additional displacements (u^, v„) of a point t of the boundary which are 
caused by the rotation of the stamps are given by = 0, Do = because, in 
general, the displacements, arising from a rigid body rotation by an angle e about 
the origin, are Mo = — *'0 = while on the boundary y = 0, x = t. 

The quantity e may not be given directly; for example, one may be 
given instead the resultant moment M about the origin of the ex- 
ternal forces which act on the stamps. 

These external forces do not, of course, coincide with those, applied by the 
profiles of the stamps to the sides of the elastic body; these last forces must balance 
the external forces, applied to the stamps. Obviously, the resultant vector {X, Y) 
and the resultant moment M of the external forces is equal to the resultant vector 
and moment of the forces, applied to the boundary of the elastic body by the faces 
of the stamps. 
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One thus has for the determination of s the additional relation 

M — j" (1 14.20) 

L 

In Problem B, the angles e*. (A = 1,2, ...,«) of the rotations of the 
various stamps may differ; if they are not given directly, but if, say, the 
moments of the external forces, acting on the individual stamps, are 
known, then one will have the n additional conditions for the deter- 
mination of the Ejfc \ 

M, = —j t^{to)dio. (114.2l\ 

f'k 

It is easily shown that these conditions completely determine the 
solution apart from a vertical rigid body displacement of the entire 
system; the proof is quite analogous to that stated above for the case 
where the stamps may only move vertically. 

NOTE. If the part L” of the boundary is loaded by given external 
stresses, the boundary condition takes the form 

<I)+(0 — = /(O on L, (1 14.22) 

where 

k = —v.onL', k^XonU', (114.23) 

and /(<) is a given function; 

i{t) = 2^g'{t) on L', fit) = Pit) -f iTit) on I". (1 14.24) 

One is thus led to the problem, considered in § 1 1 1. Applying (1 1 1.6), 
one obtains in the notation of the present section 

L 

where the integral must now be taken over the entire boundary. The 
coefficients of the polynomial Pn-ii^) may be determined as before. 

§ 114a. Examples. 

1®. Stamp with straight, horizontal base. 

Consider the case of one stamp (« = 1) with a straight line profile, 
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parallel to the axis Ox, which may only move vertically so that 

g'(<) = 0 on L'; (114.1a) 

as stated earlier, this problem was solved by V. M. Abramov [1], using 
a quite different method. In addition, it will be assumed that the ex- 
ternal forces, acting on the stamp, have a resultant in the downward 
direction, so that 

^■ = 0, y = — Po, (114.2a) 

where Pq is a given positive constant. 

The segment L' of the boundary which is in contact with the stamp 
will be assumed to lie symmetrically with regard to the origin; its length 
will be denoted by 21, so that for points t oi L'\ — I t <, 1. 

Thus, in this notation and that of the preceding section, 

X{z) = (2 -t- /)-*+‘e (2 — (1 14.3a) 

and (114.8) gives 

<D(2) = CoA(2) 

or, using (1 14.19), 

0(2) - -p- X ( 2 ) = (2 + /)-* +'^(2 — ly ( 1 1 4.4a) 

and the problem is solved. 

The pressure P{t) and the tangential stress T{t), acting on the body 
underneath the stamp, are given by (114.11) which becomes 

Pit) -f iTit) = --±-- O+(0. 

y. 

Hence, substituting from (1 14.4a), one obtains 
Pit) -h iTit) = ^pL^±l-Xit) = 

2 k X 

= it + /)-4+’0(< _ i)-t-‘B, i—l<t<l). (1 14.5a) 

27C X 

where Xit) stands for A!'+(<), i.e., the value taken by X( 2 ) on the left side 
of the segment ( — I, -|- /), and it should be remembered that the branch 
of Xiz) is determined by the condition lim 2 X(z) = 1. 

z-^oo 


Theory of Elasticity 


30 
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It is easily verified that under these conditions 


X{t) = 


1 


" < + _ 1 

ra Li — /J ” — 




<3 [losr 




mog 




where the root VP — i® is positive and the logarithm real. Since 


one may still write 


Xit) 


Vx 


i3ioer 


V X 




l-\-t 

T-t 


logx 
2tz ' 




^/y., 


jcos log J + i sin log (1 14.6fl) 


( — I < t < 1). Substituting this expression in (114.5a) and separating 
real and imaginary parts, one obtains 


P(t) = 
T(i) = 


Wp- 

Pn 


1 +x 

Vx 

1 +x 


cos 


7cVP — i® Vx 


sm 



(114.7a) 

(114.8a) 


These formtdae agree with those, obtained by V. M. Abramov [1]. 

It follows from (114.7a) that P{t) changes its sign an infinite number 
of times as t approaches the values — I and + I, -so that effectively 
tensile forces, instead of compressive forces, act on certain parts of the 
boundary underneath the stamp. However, it is easily seen that these 
parts lie in very small neighbourhoods of the ends of the segment — /, 
+ 1. In fact, the point t at which P{t), positive for / = 0, vanishes for 
the first time, when t approaches one of the values ± /, is determined 
by the equation 


plog 


l + t 
l — t 
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or 


whence 


log 


/ t 
l — t 


= ± 


TT® 

logx’ 


t= I tanh - 

21ogx 

However, for all actual bodies, 1 < k < 3, since 

X -f 3a 

X = X>0, (i>0; 

X -f (i. 


(114.9a) 


therefore the smallest possible value of | / ] is obtained by putting in 
(114.9a) X = 3 which gives 

t = ± 0.99971. 


Thus a change in sign of P{t) only occurs in those places near which the 
solution obtained does not, in general, describe the actual state of the 
body, because, obviously, Hooke’s law does not apply for the stresses 
which must occur according to the formulae above. 


2°. Stamp with straight, inclined base. 

Consider the case of the same stamp as in the preceding example. 



but assume now that the resultant vector of the external forces, acting 
on the stamp, is zero, while the base of the stamp forms an angle s 
with the Ox axis, the angle being measured in the positive direction 
(Fig. 52). 

Thus, in the present case, 

g(0 = gi + == 


(114.10a) 
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X=Y = 0. 


(114.11«) 


Hence one has, by (114.8), in the notation of the preceding example 


e(juy(2:) r dt 

- J [t ' 


(114.12«) 


where X(z) is given by (1 14.3a) and X{t) = 

On the basis of Note 1 at the end of § 110, the integral may be evaluated 
in closed form. In the present case, for large \ z \, 

+ (i-r) = 

^z{\ + (^_tp)A+ ...} |i _(i4.ip)i + ...j = 


z — “t" 0 ^ ^ , 


and (110.40) gives 


27ti f 1 

^r+"r I 


X{t) {t — z) K + 1 I X{z) 


2i^l^ . 


Hence (114.12a) becomes 


{ 1 - (^ - mx{z)). 

X + 1 


(114.13a) 


and the problem is solved. 

The value of P{t) + iT{t) will now be calculated for a point t underneath 
the stamp. One has 

P{t) + iT{t) = ^+{t) - ^-{t) = {t - 2imX+{t) - X-(t)} « 

(t — 2i^)^^-^X+it). 

X + 1 
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i.e., in the present notation, 

P{t) + iT{t) = {t — 2i^l)X{t) . ( 1 1 4. 1 4a) 

Substituting for X(<) from (114.6a) and separating real and imaginary 
parts, one may obtain closed expressions for P{t) and T{t). 

Hitherto it has been assumed that the angle s is known and, con- 
sequently, that the stamp sustains in the given position some couple of 
the external forces which is not known beforehand. However, the problem 
may be stated differently; in fact, it may be assumed that the moment 
M of the couple of the external forces, acting on the stamp, is given and 
that it is required to find the corresponding angle of tilt e. 

For this purpose the moment M, corresponding to a known angle e, 
will be calculated; this moment is given by 

i 

M = —ltP(t)dt (114.15a) 

-i 

(the positive direction of rotation being assumed to be counter-clockwise), 
where P{t) has the value, given by (114.14). 

The integral (114.15a) is the real part of the integral 

I = — I t[P(t) -f tT{t)]dt, (114.16a) 

-i 

which is readily evaluated in closed form. In fact, substituting from 
(114.14a), one finds 

I 

I = i{t — 2i^l)X{t)dt. (1 14. 17a) 


This integral may be calculated by the same method as the integral 
in (110.42). Consider the integral 

/o == / - 2imXiK)dK. (1 14. 18a) 

A 

taken in counter-clockwise direction over a contour A surrounding the 
segment L '{ — I < f < 1). Shrinking the contour A into the segment L', 
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t{t — 2i^)X-{t)di 


one obtains 

■ +1- 

If) — j' t{t— t 

-I +i 

or, remembering that X-{i) = — (1/x) X+(t) = — (1/x) X{t), 

■{•I 

, 1 4- X C 

= — ! — t t(t — 2i^l)X{t)dt, 

X J 


and hence 


_ 2{xei 

i. — - V If). 


x + 1 

On the other hand, one has for large' | ^ 


1 / 

r 


V 1 


1 = 


+ Y(i 


X.^ ' J 

x{l + (i + *P)-^ + ya + ^P)(|-+ip)-^-+ ...} = 


1 2i^l (l-4p2)/2 

j: 21^ ' ^ 


whence it follows that the coefficient of X,~^ in the expansion for 
K{K-~2i^)X{X:j is equal to 

;2(1 + 4|32) 

^ . 

Therefore, applying the residue theorem to the integral in (114.18«), 
one finds 

If) — 7 tt(l + 4 p®)f*, 


and hence 
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It is seen that I is teal and thus M = 91/ = I, s© that 

M= 27tti(l -f ^ 

' X -f- 1 


(114.19«) 


For a given moment M, the angle of tilt e of the stamp will be determined 

by 


e 


x+ 1 


2u(Ji(l -I- 4p*)P 


■M. 


(114.20a) 


Substituting this value of e in (114.13«), one obtains the solution of 
the problem of the equilibrium of a stamp, subject to a given couple. 

3°. Effect of asymmetrically distributed forces 

Let asymetrically distributed forces act vertically downward on a 
stamp with a straight base which is not restrained to move vertically. 
The effect of these forces is equivalent to that of the same forces, applied 
symmetrically, and of a certain couple. Hence the solution of this problem 
will be obtained by adding the solutions of the problems 1° and 2®, 
treated above. 


§ 115. The problem of pressure of rigid stamps in the absence 
of friction. 

This problem was first solved by M. A. Sadovski [1] for one particular case. 
In the earlier editions of this book, the general solution for the case w = 1 was 
given, while A. I. Begiashvili [1] gave a simple solution for arbitrary n, using the 
methods of this book and a formula, due to M. V. Keldysh and L. I. Sedov. The 
much simpler solution, reproduced here, was given by the Author in his paper [22] ; 
simultaneously (and independently) A. V. Bitzadze found a solution which is 
essentially closely related to the Author's solution. 

Consider now the problem of pressure of one or several stamps on 
the boundary of an elastic half-plane under the supposition that there 
is no friction. For greater clarity, it will first be assumed that there is 
only one stamp with a given profile. Let y = i{x) be the equation of the 
profile before it is pressed into the elastic half-plane. If it is assumed that 
the stamp may only move vertically, i.e., in the direction normal to the 
boundary, then its profile, after pressure has been applied, will have the 
equation y = f{x) -h c, where c is a real constant. It will be assumed that 
the segment ab of the boundary of the body comes into contact with the 
stamp. Since a point of the elastic body, occupying before deformation 
the position {t, 0) and after deformation the position {t -f- «, w), where 
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u, z;arethecomponentsofitsdispIacement,mustlieontheliney = f{x) + c, 

one must have v = f(t + u) c. Assuming, as always, that u, v are 
small quantities and that f{x), f{x) are likewise small (this .supposition 
being a consequence of the requirement of small deformations), one has, 
omitting small quantities of higher order, v — f{t) + c {a < t b), 
where v — v'^ is the normal displacement of points of the boundary of 
the elastic half-plane. The reasoning for the case of several stamps is 
quite analogous. 

Correspondingly, the boundary conditions for the problem of pressur^ 
due to a system of stamps which may only move vertically and are 
completely frictionless may be formulated similarly to the conditions 
for the problems of § 1 1 4, the only difference being (using the notation 
of § 1 1 4) that now 

X~ — 0 everywhere on L, y~ = 0 on L", (115.1) 

while on L' only ihe normal component of displacement 

v~ ~ f{t) + c{t) on U (1 15,2) 

is given; as before, L denotes here the entire real axis, U the union of 
segments Lj^ — a (k = 1, . . ., m) and Z." the remaining (unloaded) 
part of L. The first of the conditions (1 15. 1) applies to the whole boundary 
£, since in the absence of friction the tangential stress at the boundary 
is also zero underneath the stamps. 

In (115.2), the function f{t), given on L\ characterizes the profiles of 
the stamps, and, in fact, y == /{x), where a: belongs to L\ represents the 
equation of the union of the profiles of the stamps before their displace- 
ment; c(t) is determined as follows: either c(t) ^ c on L' (rigidly inter- 
connected stamps) or c{t) == c* on Lj^ = aJ)jc (^ree stamps), where c and 
are now real constants. Without affecting generality, one may assume 
in the first case that c: = 0, and in the second case, for example, = 0; 
the remaining constants will not be known beforehand. 

In the first case, the resultant vector (0, Y) of the external forces, 
pressing the system of stamps into the elastic body, will be given, and 
in the second the resultant vectors (0, Y^) will be known separately 
for each stamp. 

It had been assumed that the stamps may only move vertically; 
the case, where they may also rotate, may be reduced to the preceding 
one in quite the same manner as in §§ 1 14, 114a. In that case one must, 
in addition, be given either the angles of tilt of the stamps or the re- 
sultant moments of the external forces, acting on them. 
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It is easily shown that the problems, as formulated above, can only 
have one solution, neglecting vertical rigid body displacements of the 
entire system; the proof is anadogous to that for the case of § 114. 

It should still be noted that a translation of the stamps, parallel 
to the boundary L, has no influence on the elastic equilibrium (within 
the accuracy to which one is always restricted). 

It will be assumed that /'(<) satisfies the H condition on each of the 
segments Z,jb = aj),,. 

As in § 114, the boundary conditions (115.1) show that 0(z) is holo- 
morphic in the plane, cut along L'. In addition, it is easily deduced 
that the first of the conditions (115.1) gives by (112.14) 

0+(<) -h <!>+(<) = 0"(/) + ®"(0 ever 3 ^here on L, 

whence it follows that the function <i>{z) + <l>(z) is holomorphic in the 
entire plane; further, since it vanishes at infinity, it must vanish every- 
where. Consequently 

0(z) = — 0(2). (115.3) 


By (112.14) 

Y-~iX- - <»-(<)- <D+{0, 

whence, going to the conjugate complex expression and remembering {§ 112) that 
3 )-(<) =®+( 0 . ="^-( 0 . 

Y; + ix- = o-t(0 — ®-(<): 

subtracting these equations, one obtains 

— 2iX- = <!»-(/) + ®-(0 — <!>+(<) — 
and the above statement follows. 

On the basis of this result, the boundary condition (115.2), which 
will now be written [cf. remarks following (113.5)] 

V-' on U. (115.4) 

gives by (112.15) 

O+(0 -t- 0-(<) = on L'. (1 15.5) 

Thus one has arrived at the boundary problem of § 110, and, in fact, 
at the particular case, where g == — 1. Applying (110.31) and (110.33), 
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one finds 


€>(z) 


2ll [X{t)nt)dt iPn-l{z ) 
7r(x + l)X{z)J f-z ~ " X{z) 

L' 


(1 15.6) 


where iPn-i{z) denotes an arbitrary polynomial of degree not higher than 
n — 1 and 


X(z) = V(z — aj (z — di) ... (z — a„) (z — 6„) ; (1 15;7) 

here X(z) is the branch, single-valued in the plane cut along L', ^r 
which z-"X(z) -> 1 as 2 : -> oo. In future, .X'+(/) will be simply denoted by 
X(i) so that, by definition. 


X(t) = Vit — a,) — (i — a„) (l— '&„)'= X+(i) ; (11 5.8) 


note also that 

X-(t) = — X+(t) = — X(t). ( 1 1 5.9) 


The condition (115.3), i.e., 0 ( 2 ) = — <I>( 2 ), has still to be satisfied. 
It is readily verified that the first term on the right-hand side of (1 15.6) 
satisfies this condition; the second term will satisfy it if, and only if, 
all the coefficients of the polynomial Pn-i(z) are real. 


The first of the preceding statements may be proved as follows. Denote, for 
the time being, the first term of (115.6) by ^ 0 ( 2 ), i.e., 


2(1 /• X{t)f’(t)dt 

7t(x + l)Ar(2) J ~i- 

L 


remembering that, by definition, 4>o('8') = ^ 0 ( 2 ) • obtains 


0 „{ 2 ) 




+ i)X(z) J 

L 


f 


t — z 


because f(t) is a real function. It is easily seen that X{z) = X(z), because by (1 15.7) 
X{z) represents the same root as X(z) and doubt may only arise with regard to its 
sign: ± X(z)\ it is seen from the behaviour of X(z) and X(z) at infinity 

(both functions behaving for large | z | like that the upper sign must be chosen. 
Finally, on the basis of these results and of (112.10"), 


J^(^) « X^(t) « X-(t) X-(t) ^^X(t), 

and hence 

®o(«) == — 
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The second statement follows because, as has just been shown, 

ZW = X(z). 

Thus the general solution of the original problem is given by (1 15.6), 
where 

Pn-l(z) = + . . • + Dn-l ( 1 15 - 9 ) 


must be a ■polynomial with real coefficients. 

The pressure P(t), exerted by the stamps on the boundary of the half- 
plane, will now be determined. By (112.14), 

p{t) = — y- - <i>+(0 - a>-(f), ( 1 1 5. 10) 


whence follows, applying the Plemelj formula and remembering that 

z-(g = -x+(g = -z(g. 


P(Q 


_ 4yi f X{t)f'm 2iP„_,{Q 

u(x + i)X(g ./ t-io X{Q 

V 


(115.11) 


The coefficients Dj of the polynomial Pn-i{^) will be determined from 
the additional conditions, stated above when formulating the problems 
in the same manner as in § 1 14. 

For example, consider the case where the resultant vectors (0, Y 
of the forces applied to the stamps separately are given. Then 


y, = / P{to)dt^, A = 1 , 2, . . . , «, (1 15. 12) 


where P{Q is given by (1 15.1 1). One thus obtains a system of n linear 
equations in the unknowns ZJq, D^, . . . , It is easily shown, based 
on the uniqueness of the solution as a whole, that this system of linear 
equations also has always a unique solution. 

A method, completely analogous to that studied here, leads very simply to 
the solution of a problem, connected with the investigation of the stresses in a 
stratum above layers of coal; this problem was stated and solved (using more 
complicated means) by S. G. Mikhlin [12]. 

Hitherto, it was assumed that the stamps may only move vertically. 
As stated earlier, the case, where the stamps can rotate, is easily reduced 
to the preceding one. 

§ 116. Application. The solution, obtained in the preceding section, 
will now be studied in somewhat greater detail. To simplify the in- 
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vestigation, the case of one stamp will be considered which comes into 
contact with the axis Ox along one continuous segment ah-, the general 
case may be considered in an analogous manner. 


1 In this case one will have, instead of ( 1 1 5.6) and (115.11), 
2(1 




and 


7c(x + 1) — a){b 


=/ 


V(< — a)(b'—t)f{t)dt 


t — z 


+ 


D 


V {z — a){b — zj 


(116.1)' 


P(^o) 


4(1 


7t(x + 1) V(io — aj(b — Q 


/ 


V{t — a){b — i)f'(t)dt 


t — U 


+ 


+ 


_ 2Z) 

a/ (/q — a) (6 ^q) 


(116.2) 


where D is a real constant. In these formulae, the function X(z) = 
= V (z — a) {z — b) has been replaced by the function V (z — a) (b — z) 
[cf. Note 2 at the end of § 110) and, as a consequence, the expression for 
P{t) becomes real. For a <t <h, the root V{t — a) (b — t) must be 
taken as a positive quantity, while V {z — a) (b — z) must be taken as 
the branch, holomorphic in the plane cut along ab and taking positive 
values on the upper side of ab. This branch is easily seen (cf. Note 2, 
§110) to be characterized by the condition that for large | z | 

V (z — a) (b — z) = — iz 0(1). (116.3) 


The constant D is determined by the condition 


P(t)di = P„, 


(116.4) 


where Pq is the given magnitude of the forces, applied to the stamp, 
and P(i) is given by (116.2). The constant D may be determined in 
a simpler manner by noting that it follows from (116.1) and (116.3) 
that for large | z | 
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whence, comparing with (112.4), 



(116.5) 


In order that a solution may be physically possible, one must 
obviously have P(t) >0 {ior a < t < b). Thus, after the solution has 
been obtained, it must be verified whether this condition is satisfied. 

It will be assumed for the solution of the problem that the segment 
ab of contact between the 
stamp and the elastic half- 
plane is given beforehand. 

This corresponds, for exam- 
ple, to the case where the 
stamp has the form shown 
in Fig. 53 and where the 
force, applied to the stamp, 
is sufficiently large to ensure 
that the corners A and B of 
the stamp come into contact 
with the elastic body. The Fig- 53 

presence of the corners A, 

B also explains the occurrence of infinitely large stresses at the points a, b 
of the elastic body which coincide with the corners A, B ol the stamp. 

2°. Considerable interest attaches to the case, where the rigid profile, 

pressed into the elastic half-plane, 
has no corners (e.g. circular disc) 
or where the force is not sufficient- 
ly large for the comers A and 
B to come into contact with the 
elastic body, as in Fig. 54. In 
that case the ends a and b of 
the region of contact are unknown 
beforehand. However, the formu- 
lae obtained above also permit 
solution of this problem. In fact. 
Fig. 54. the general formula (116.2) for 

the presure P{t^ underneath the 
stamp now contains the two constants a, b which will not be known 
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beforehand. [The constant D is given by (1 16.5).] For the determination 
of these constants one has the two relations 


P{a) = 0, P{b) = 0, 


(116.6) 


which express the condition that P(/o) tends to zero continuously as 
leaves the area of contact. This condition may be replaced by the more 
general one (which, in addition, is physically more obvious) that P{t^ 
remains bounded near the ends a, b, provided these points are not corners 
of the profile of the stamp. In fact, it is seen that the condition of boun-\ 
dedness of P(<o) near a, b entails also the relations (116.6). 

In order to express the condition of boundedness of the pressure 
P{io) in the neighbourhoods of the points a, b, introduce temporarily 
the notation 

Q{t) = it-a) {b-t) 
and write (116.2) in the form 


P{to) 


4(x 


'0(L) .l V 


Q(t)rmt 


+ 


2D 


Tc(y.+ \)V Q(to) J VQ{t) {t — g V Q{to) 


«(x+i)./ — Q 


+ 


+ 


4p 


7r(x + \)VQ{t^ 


rmi ^ 2Z) 






or, noting that 


in the form 


Q{t)-Q(Q 


t--tn 


= — ^ + 


P(<o) 


t>lt \ ’t" ' t I f ' /_\ 

® 7t(x+lji — 


AIq -f* J5 -f* 2D 
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where 

^ ^ Jlf r 

7t(x + \)j 

a 

7t(x + 1) j 7t(x -fT) J ■ 

a a 

The first term on the right-hand side of (a) is not only bounded near 
the points a, b, but it also vanishes there, as may easily be shown using 
the bounds for the value of a Cauchy integral near ends which are 
given in the Author’s book [25J. Hence it is necessary and sufficient for 
the boundedness of P(/o) near a, b that A = 0, B + 2D = 0, or, by 
(116.5), that 

(1.6,7) 

J V{( — a)(b — t) J ^{t — a)[b — i) 4[i “ ^ ^ 


If the conditions (116.7) are satisfied, the formula {a) gives 

P(g - 4|xV(7o -a)~ (6-'/o) j f'm_ 

7c(x -f ij J V(( — a) (b — 1) {t — <,|) 


as has been stated earlier, this expression vanishes for = a, /q = b. 

It should still be noted that it is readily verified by transforming 
(1 16.1) in the same manner as (1 16.2) that, under the conditions (1 16.7), 


. 2 [i V(7- «■)> - z) c rm 

7c(x -f 1) J V'it — a) (b — t) {t — z) 


(116.9) 


It may be added that (1 16.9) as well as (1 16.7) could have been ob- 
tained by seeking a solution (for the particular case « = 1 ) of the boun- 
dary problem (115.5), which remains bounded near the ends, and by 
applying the relevant formulae of § 110. 

In that approach the first condition of (116.7) coincides with the condition for 
the existence of such a solution, while the second condition of (1 16.7) expresses 
that the coefficient of in the expansion of <!>(«) for large | z j must be equal to a 
given quantity, determined by the magnitude P# of the force applied to the stamp. 
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Thus one has for the determination of a and b the two conditions 
(116.7) which, in general, determine a, b uniquely, provided the con- 
dition P{t) > 0 underneath the stamp has been observed (cf. § 116a). 

Hitherto the stamp was restrained to move vertically. The case, 
where it may tilt, can be studied in an anologous manner (cf. § 116a). 


§ 116a. Examples. 

1°. Stamp with straight horizontal base 
In this case /'(<) =0 and (116.1) gives, using (116.5) and writing 
a — — I, b = I, where 21 is the width of the base. 


<D(-i 




27cVP 


(116.1if) 


One finds for the pressure P{t) underneath the stamp, using the 
formula P{t) — 0+(^) — <h~(i), 


P{t) 


(116.2a) 


This solution was obtained (by other means) by M. A. Sadovski [1]. 

2°. Stamp with straight inclined base 
Let e be the angle of tilt (cf. § 114a, 2° and Fig. 52). In that case 
f'{t) — it and, by (116.1) and (116.5) (assuming a — — I, b = 1), 


O(^) 


2(jie 


+ 1 


tc(x + \)VP — z^ 


1 


-I 


r Vp — m 

t — z 


+ 


2Wp - 


The integral on the right-hand side may be calculated in closed form 
by (110.40). In the present case, g = — 1, \IXp{z) = VP — z®; since, 
by (116.3), 


P 


2z‘ 


+ 




tP 


formula (110.40) gives 

+i 


/ 


— dt = m{-VP — iz). 
t — z 



CHAP. 19 


BOUNDARY PROBLEMS FOR THE HALF-PLANE 


481 


Hence 


O(^) 




^ 2{xei ^ 


(x -1- 1)^//* — X + 1 27t\//* 


(116.3«) 


Using the relation P{f) = <p+{t) — , one obtains for the pressure 

P(t) underneath the stamp 


P{t) = 


4{jte^ 


WP — P (x -I- 1 ) a//* — p 


(116.4a) 


The solution will be physically possible, if P{t) > 0 for — / < ^ 
i.e., if 


X + 1 


(116.5a) 


The resultant moment of the external forces restraining the stamp in 
the given position is likewise easily calculated by the formula 

M = — ^ tP{t)dt. 

-t 


In fact, applying the same method as in § 114a, 2° or evaluating the 
integral by ordinary means, it is found that 


M = 


X -f- 1 


e. 


(116.6a) 


3°. Stamp with curved base 

Let the stamp be represented by a strip, bounded by the vertical 
straight lines x — — I, x = + I and by an arc .45 of a circle with radius 
R and convex downwards (cf. Figs. 53 and 54). It will be assumed that 
the radius R is very large. This assumption is necessary, because small 
deformations are being considered. With the usual degree of approxim- 
ation, one may write 


m = 


p 

'M' 


This implies replacement of the arc of the circle by that of a parabola, 
having the same curvature at the vertex. 

Then (116.1) and (116.5) give, under the supposition that the entire 

Theory of Elasticity 31 
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arc is in contact with the elastic body, 

+z 


2“ 

-I 

The integral on the right-hand side may again be evaluated in closed 
form; in fact, since for large | z \ 




2 |a nVP — iz 

R7t(x -I- — 2 * J 


dt ”f" 


2Wi^ - 



one obtains, by (110.40), 

I dt = Tzi + iz^— yj, 

-I 

and hence 


= H!!:!?’) + .. + 

R{x+\)VP — z^ R()t+1) 2Wl^- 


(116.7a) 


By the formula P(t) = 0+(/) — ^~{t), the pressure underneath the 
stamp becomes 

2ti(P — 2fl) . P„ 

P(t) =. ^ . ■/W+ - . (1 16.8a) 

, . i?(x -H 1)V/* — r.y/P — fi 

The solution will be physically possible, if P{t) > 0 for — I <t <1, 
i.e., if 


p >1* p 

R(x+i)'- 


(116.9a) 


If P„ does not satisfy the preceding condition, this means that the 
force of magnitude P^ is not sufficient to bring the arc .4P of the stamp 
into complete contact with the elastic body. The arc A 'B', which actually 
ei^ages the elastic body for some given Po < 27tp/*/P(x 4-1), wQl now 
be found. 

From S 5 nnmetry, it is obvious that the segment a'b' of the boundary 
of the elastic half-plane which enters into contact has its centre at the 
origin, so that one may write a' = — V, b' = I', where 21' is the length 
of the segment a’b'. The function 4>(3:) and the pressure P{t), correspond- 
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ing to a given V, will be obtained by replacing in (116.7a) and (116.8a) 
I by V. Expressing that P{t) = 0 for / = ± V, one obtains 


I’ — 

A/2Tt(x 


(116.10a) 


It is sufficient to express that P(t) remains bounded for / = ± the result 
would have been the same, as was to be expected on the basis of the statements 
in § 116. 


Alternatively, one may assume that I' is known and calculate the 
magnitude Pq of the force necessary to make the length of the line of 
contact equal to 21'. Corresponding to a given 1’, the functions <I>(z) and 
P{t) are determined by the formulae 


2(1 V /'* — z® 2y.iz 

■:r(x T ij' ^ "^(x +T)' ’ 


(116.11a) 


P(t) 


4(1 Vr* — f* 
“^(xTT) ■ 


(116.12a) 


§ 117. Equilibrium of a rigid stamp on the boundary of an 
elastic half -plane in the presence of friction. 

This section reproduces, with minor modifications, the Author’s paper [24]. ^ 
At about the same time, N. I. Glagolev [1] published, a paper in which he gave 
the solution of the problem under consideration for the particular case of a stamp 
with a straight base. Somewhat later, N. 1. Glagolev [2] gave the solution for the 
case where the profile of the stamp is of arbitrary shape and where the friction may 
depend on the area of contact. In a recently publiwShed paper, L. A. Galin [1] gave 
a somewhat different method of solution (also applicable to an anisotropic body) . 

The problem of the equilibrium of a rigid stamp on the boundary 
of an elastic half-plane has been solved in the preceding sections for 
the two extreme cases, where the coefficient of friction is zero (§§ 1 15 — 

1 16) or infinite (§ 114); in the latter case, a further condition had to be 
imposed, namely, that the elastic material could not leave the stamp and 
that thus thepresence of negative pressures, even arbitrarily large ones, is 
admissible. 

Using the method of the preceding sections, one may also solve the 
problem for a finite coefficient of friction such as will occur in reality. 
In this context, consideration will be limited to the case where the stamp 
is on the verge of equilibrium; obviously, the solution for this case wiUbe 
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an approximation to the case, where the stamp slides slowly along the 
boundary of the half-plane. More exactly, it will be assumed that T = kP 
underneath the stamp on the boundary of the half-plane, where P and T 
are respectively the pressure and the tangential stress, applied to points 
of the boundary of the half-plane, and k is the coefficient of friction 
which will be assumed constant. 

Recently L. A. Galin [2] gave a clever solutioH of the problem of the impressiein 
made by a rigid stamp with a plane base under the supposition that the segment 
of contact consists of three parts; a centre section with cohesion and two outer 
sections on which slip occurs. In a simultaneously published paper, S. V. Falkovicb 
[1] gave the solution of the same problem under the supposition that on the parts^ 
where slips occurs, friction is absent. \ 

As before, let the Ox axis be the boundary of the elastic half-plane and 
the Oy axis perpendicular to it, so that the elastic body occupies the 
lower half-plane y < 0. For this choice of axes, P = — Y~, T = X~. 

Further, assume that the stamp engages the elastic half-plane along 
one continuous segment L' — ab. The result below is easily generalized 
to the case, where the region of contact consists of a finite number of 
individual segments (cf. preceding sections). 

In addition, it will be assumed that the stamp may only move vertically. 
As in the preceding sections, the case where the stamp may tilt is readily 
reduced to this case; cf. § 1 16a, 2°. 

The boundary conditions of the present problem have the form 

T{t) = kP{t), (117.1) 

p- = /(/)+ const. (117.2) 

on L', T{t) = P{t) — 0 outside V on Ox. As before, t denotes here the 
abscissa of a point on the Ox axis, v is the projection of the displacement 
on the Oy axis, f{t) is a given function for the profile of the stamp, i.e., 
y = f[x) is the equation of this profile. It will be assumed that f{t) has a 
derivative satisfying the H condition. 

In addition, it will be assumed that the quantity 

Po = fpm. (117.3) 

L' 

i.e., the total pressure exerted by the stamp on the half-plane, is known. 
The total tangential stress then obviously be Tj = kPg. Thus 
the resultant vector (Z, Y) = (To, — P©) of the external forces, acting 
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on the stamp and balanced by the reactions of the elastic half-plane, 
will be given. 

In the notation and under the general suppositions of § 1 12, the bounda- 
ry conditions (1 17.1) and (1 17.2) of the present problem may be written, 
by (112.14) and (112.15) and using, as before, instead of (117.2) the 
condition v-' = 

(1 _ ik)(t>+{t) + (1 ik)^+{t)^ (1 + (1 -H (1 17.4) 

xO-(/) + <D+(/) — xO+(<) — ^-(0 = 4ttx/'(0 (1 17.5) 

on L', while the condition P{t) = 7'(/) = 0 on Ox outside L' is equivalent 
to the condition that the function 0 ( 2 ) must be holomorphic outside 
the segment L' = ab. _ 

The formula (1 17.4) .shows that the function (1 — ik)<i>{z) -|- (1 + ik) 0 ( 2 ) 
is holomorphic in the entire plane; since it must vanish at infinity, 
one has 

(1 — ik)(i>{z) -f (1 + ik)^{z) = 0 (1 17.6) 

in the whole plane. Expressing by the help of (1 17.6) the function <I>( 2 ) 
in terms of 0 ( 2 ) and substituting this value in (117.5), one obtains 
the boundary condition for < 1 )( 2 ) 

a)+(/) = gO-(/) + fo{i) on L', (117.7) 

where 

X -f 1 -f *A(x — 1) j _ 4fti,( l -f ik )f'{t) 

^ X 1 _ ^ ~ X -t-‘ T • iA(x — 1) ■ 

These last formulae may be simplified by the introduction of the constant 
a, determined by the conditions (remembering that k > 1 , k> 0) 

tan 7 ra = ^ T T' 0 < a < (117.8) 

X + 1 

Then 

, ^ . (x+ 


and hence 


S = 


^2rtiot 


/o(0 


4*(ji(l ik)e”'* cos no. 

___ 


nt). ( 117 . 9 ) 
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Applying now the method of §110 to solve the problem (117.7), 
noting that in the present case 


logg 

2tm’ 




and that one may take for the function X^iz) in (1 10.18) the expression 
(z — «)“*““ {b — a:)"*'*'* (cf. § 1 10, Note 2), one obtains / 


<D(2) 


2fi(l + j'A)c’”“ cos Tia 
7t(x + 1) (2 — «)*■*“(& — 


2 )‘- 


-/ 


t 2 


+ 


+ 


(2 — a)*+*(6 — 2 )*-“' 


(117.10) 


where Cq is a constant and where (2 — «)*■*■“ (6 — 2 )*'“ must be under- 
stood to be that branch which is holomorphic outside the segment ab 
and which takes on the upper side of this segment the real, positive value 
(t — «)*'^“(i — /)*““; as is easily seen, this branch is characterized by 
the fact that 


lim 


(2 — «)*+“ (b — 2 )»-“ 


= — te" 


(117.11) 


For the determination of y, it must be remembered that by the condition, in- 
troduced in § 110, the value of the logarithm must be taken for which 


0 < 91 


2ni 


< 1 . 


The quantity, denoted in § 110 by a, is now denoted by ^ -f a, and the function 
m by /.«). 


The constant C© is directly determined by (1 12.4) which gives 


lim2<l>(2) = - ~^'^ 


27t 


Cj — 


Po(l + 
2n 


whence, by (117.11), 
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and (117.10) becomes 


<!>(«) = 


2|ji(l cos Tta 


7t(x -f 1) (x — a)*"*^* (6 — z)^ 


V 


• «)*+“ (b — <)*■ 
t — z 




+ 


PS + ik)^^ 

27t(z — — 


(117.12) 


It is readily verified that all the conditions of the problem will be 
satisfied, provided, as has been assumed, i'{t) satisfies the H condition on 
L'. Thus the problem is solved, because <I)( 2 ) completely characterizes the 
state of stress. 

Naturally, the solution will be physically possible only in the case 
where the pressure P{t) at the points t underneath the stamp satisfies 
the condition P{t) > 0. The pressure is easily calculated on the basis of 
(117.12). In fact, by (112.14), 

Pih) + iT{u) - P(g(i + ik) = (i>+(g -<i>-(g. 

This last difference, using the Plemelj formula, gives 


P{Q 


4(1 sin TzoL cos 

f (g + 


x4- 1 


+ 


4(1 cos * 7 ta 


’^(>' + 1) (^0 — «)* ^“(i — g 






t — L 


+ 


Pq cos Tza. 

+ rr(^o-«)*+“(6-g*-“- 


(117.13) 


For k == 0 (when also a = 0), one obtains again the solution for the ideal- 
ized case without friction. 


§ 117a Examples. 

1°. Stamp with straight, horizontal base. 
In this case f’(t) = 0 and (1 17.12), (1 17.13) give 


<I>(z) 


Ppjl + k)e- 

27c(z — «)*+“(& — z)*-“’ 


(117.1a) 


^0 cos Tta 

^ n(t — a)*+‘(b — /)*^ ' 


(117.2a) 
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2°. Stamp with straight, inclined base. 

Let the base of the stamp form a (small) angle e with the axis Ox, Then 
f{t) == et + const., f'(t) == e. Substituting in (117.2) and putting, for 
simplicity, a = — b — + I, one obtains by (1 10.40) 


<I>(2) = 


(1 Pq(x + 1) — S7Z[Lzod- 


2n(y.+ l) (/ + 2 )*+“(/ — 2 ) 


j 


i-a" 


+ 




>^ + 1 


i/.oa; 


In the present case, one has for large | z j 




= {I + ^)*+“ {I — = 


— + 21a.) + 0(1/4. 


The pressure P{1) is given by 


P(0 = 


<D+(<) — <!>-(/) 

1 + 


cos TcoL Poi^- + I ) — STtfieaZ — AicyLct 
7r(>c +!)■ (I + — 


(117.4a) 


The solution is physically possible, i.e., P(t) >0 for — I < t < I, 
when 


-P o (>^ +0 < e < _ IL 

47C|x/( 1 — 2a) 47Tp./(l + 2a) 


(117.5a) 


The moment 


+ 1 



-i 


is likewise easily determined ; it is equal to the resultant moment of the 
external forces, acting on the stamp; in fact, proceeding as in § 114a, 
2°, one obtains 


M = 2a/Po + 


2 tz [ i ( 1 — 4a*)P 


x+ 1 


e. 


(117.6a) 


This last formula determines e for given M and Pq. In particular, if 
M = 0, i.e., if the external forces, acting on the stamp, are equivalent to 
a force applied to the centre of the base, then 


a(x + l^)Po 
7rfj[i( 1 — 4a®) 


(117.7a) 


since 0 < a < J, this value of e leads, by (1 17.5a), to a possible solution. 
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§ 118. An alternative method for the solution of the boundary 
problems for the half-plane. In the preceding sections the solution 
of the boundary problems for the lower half-plane has been reduced to 
the search fdr a function <!>(«), suitably extended into the upper half-plane. 

However, it is obvious (cf. the methods of solution, studied in the 
preceding Part) that these problems could be reduced directly to the 
search for a function 

(p(z) j <i>{z)dz. 

likewise extended into the upper half-plane [cf. (112.16)]. Some in- 
convenience would result from the fact that, in general, 9 ( 2 ) is multi-valued. 
However, this inconvenience may be removed by .separating from 9 ( 2 ) 
the multi-valued part, which is very simply done. On the other hand, in- 
troduction of the function 9 ( 2 ) instead of < 1 >(^) has the advantage that 
in constructing the boundary conditions, involving the boundary values 
of the displacements, one is not obliged beforehand to differentiate 
these values. 

§ 119. Problem of contact of two elastic bodies (generalized plane 
problem of Hertz). 

Consider two elastic bodies Sj, Sg the shapes of which approximate to 
half-planes and which are in contact along a segment ab of their bounda- 
ries (Fig. 55). The segment of contact ab will not be given beforehand, 



but will be subject to determination. The shapes of the boundaries 
(approximately straight lines) before deformation and the resultant 
vector of the external forces, applied, for example, by the body to the 
body Sg, will be initially known. It will be assumed that there is no 
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friction and, in addition, that the stresses and rotations in and Sj 
vanish at infinity. 

This problem, which is of great independent interest, is even more 
important, because it constitutes the problem of contact of two bodies of 
arbitrary shape (i.e., having the two-dimensional case in mind), provided 
the area of contact is very small in comparison with the dimensions of 
the bodies; in that case, if one is interested in the stresses and displace- 
ments near the region of contact, one can assume without appreciable 
error that the bodies under consideration are in shape close to half- 
planes. \ 

In three dimensions, the problem of contact of two elastic bodies was 
first formulated and solved by Hertz under several restrictive assumptionsV 
in particular, he assumed that the area of contact is very small and that 
the equations of the undeformed surfaces near the region of contact 
could be approximated sufficiently accurately by functions of the form 
z = Ax^ 2Bxy Cy® with a suitable choice of coordinate axes. 
I. Ya. Shtaerman [2] reduced the three-dimensional Hertz problem, under 
more general suppositions, to an integral equation. 

Thus the problem of contact of two bodies, approximating to half-planes, 
which was stated above is the two-dimensional analogue of Hertz’ 
problem, however in a somewhat generalized form, since it has not been 
assumed that the region of contact is small and, correspondingly, no 
assumption regarding the shapes of the boundaries has been made, 
except the condition that they should approximate to straight lines (and 
be sufficiently smooth). 

In recent times, several authors have considered this problem. I. Ya. 
Shtaerman [1,3] (cf. also his recent book [4]) reduced it to a Fredholm 
Equation of the first kind which in the present notation may be written 

b 

j P(t) log\t — to\dt = f{to) + const., {a) 

a 

where P{t) is the imknown pressure, exerted by one body on the other 
at a point t of the region of contact of the bodies, and f{t) is a given 
function. The problem of pressure of a rigid stamp on an elastic half- 
plane, as treated in the earlier editions of this book (§87), led to 
just that equation; this equation is easily solved by quadrature for 
given a and b (cf. the earlier editions of this book, § 88), 

A. V. Bitzadze [1] reduced this problem to a singular integral equation 
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which is immediately solved in closed form. His equation may be ob- 
tained by differentiating equation {a). 

The following solution of the problem is obtained by a method, com- 
pletely analogous to that used earlier in the case where one of the con- 
tacting bodies was absolutely rigid (§ 115). 

It will be assumed that the body Sj occupies the lower half-plane S~ 
and the body the upper half-plane S+ and the corresponding stresses 
and displacements, and likewise the constants X, (x, x, will be provided 
with the subscripts 1 and 2. 

Let Oi(z) be a sectionally holomorphic function which corresponds 
to the body Sj and is defined as in § 112; let 02(«) be the analogous 
function for the body S^. These functions are holomorphic throughout 
the plane, except at the segment ab of the Ox axis, because outside ah 
the boundaries of the bodies are free from external stresses. As, by 
supposition, there is no friction, one will have [Z~]i = 0 on Oa;; hence, 
as in § 1 15, one may conclude that ^1(2) = — Oi(2); similarly, one finds 
that 02(2) = — 02(2). Further, if P{t) is the pressure exerted by one 
body on the other at the point t, then, as in § 1 15, 

P(i) = (119.1) 

similarly, one has 

(119.2) 

It is seen from these conditions that [<I>i -h ^2]^ = [®i -h ^*2]“. i.e., 
that the sum 0^(2) -f- <I>2(2) is holomorphic in the entire plane; further, 
since it vanishes at infinity, one must have <I>i(2) -f- 02(2) = 0. Thus 

®j(z) = — Oi(2), 02 ( 2 ) = ~ <I>2(z), ^ 2 ( 2 ) = — ‘l>i(2). (1 19.3) 

If now 

y = /i(0. y = /2(^) 

are the equations of the boundaries of the bodies Sy and^ before de- 
formation, where fiit), fz(t) Rs well as their derivatives must 

be small, one will have in the region of contact, after deformation, 

/i(^) ” /^(O "I” ^2 (0> 

whence 

y- _ = f{t) on ab (1 19.4) 
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or 

vl'-vf = nt), (119.5) 

where 

hit) -hit). ( 119 . 6 ) 

It will be assumed that f'{t) satisfies the H condition. 


With regard to the deduction of the condition (119.4), reference should be made 
to §115. Strictly speaking, one should have written /i(f) + = F(< + t*i). 
/,(f) + = F(t + M^). where y — F(t) is the equation of the line of contact 
after deformation; however, within the accuracy considered here, it may me 
assumed that F(t + = P(t + m.^), in which case one obtains the stated relation. 

Expressing now the boundary condition (119.4) by means of (112.7), 
applied to and Sg respectively, one finds, in view of (1 19.3), 


where 


t^tit)+<^lit) = ~-. 

(119.7) 

^ 1 ^2+ ^ 

’ 4 ( 1 , 4|i2 

(119.8) 


One has thus arrived at the same mathematical boundary problem 
as in the case of the problem of pressure of an absolutely rigid stamp on a 
half-plane, i.e., at the problem, corresponding to the boundary condition 
(115.5); the only difference is that in this formula Oi(z) and \jK take 
the place of <^iz) and 4(ji/x + 1 respectively. In addition, in the present 
case, the segment of contact is not known beforehand and, as in § 1 1 6, 
2°, it is required to find the solution ®](2), vanishing at infinity and 
bounded near the ends a, b. 

Using the formulae of § 116 or directly those of § 110, one arrives 
at the following conclusions. 

The function <I>i(2) is given by [cf. (116.9)] 


0 ,( 2 ) 


V (2 — a) (6 — z) 


/ 


f'(t)at 


V {t — a) {b — t) {t — z) 


For the determination of a and 6 one has the two relations [cf. (1 16.7)] 


V 

/• 




Vit — a) ib — t) 


(119.10) 
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'J 

/ 




\ [t — a) {b — t) 


KP, 


o> 


(119.11) 


where Po is the magnitude of the resultant vector of the external forces 
applied by the body to (or 5^ to S^) which will be assumed known. 

As in § 116, V{z — a) {b — z) must be interpreted as a branch such 
that for large | z | 

V( 2 ^j {b —~z) = — « 4- 0(1), (1 19.12) 

and '\/(/ — a) (b — t) ior a <t <b refers to the positive value of the 
root. 

The pressure P{Q = <I>i'(/o) — ^r(^o) is given by 


P{i,) - 


V (/o — a) {b — <o) (• 


tzK 


V{t- ■a){b — t) 


(119.13) 


If the function /(/) is even, i.e., if 




(119.14) 


one may, from considerations of symmetry, write from the beginning 
a = — I, b = -\- I, where I is subject to determination. In this case the 
condition (119.10) is automatically satisfied and I may be determined 
from the equation 

i 




\KP,. 


(119.11') 


The final formulae, obtained for (119.14) and « = — b, agree 
with those deduced by A. V. Bitzadze [1]. 

As shown in § 110, Note 2, the integrals in the preceding formulae 
may be evaluated by elementary means, provided /'(/) is a rational 
function or, in particular, a polynomial. For example, let 

m = 

where A is a constant and n a positive integer; one then obtains im- 
mediately the solution, found by I. Ya. Shtaerman [1]. Putting 

t^f \ 1 \ 
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which corresponds to the case, where and Sg are bounded by circles 
with radii and (which are large as compared with the region of 
contact), one obtains the solution, found by L. Foppl [1] by other means. 
(As regards the calculations, this case is the same as in § 1 16a, 3°.) 

Several other examples may be found in the paper [3] and the book [4] 
by I. Ya. Shtaerman. 

In the presence of friction between the bodies in contact, the problem 
is considerably more complicated. Solution of several problems of contact 
in the presence of friction which are of special practical interest has been 
given by N. 1. Glagolev; some of these results are published in his paper 
[3]. 


§ 120. Boundary problems for the plane with straight cuts *). 

The fundamental boundary problems, and likewise some other prob- 
lems, for the case where the region, occupied by the body, is the entire 
plane with straight cuts, distributed along one and the same straight 
line, are easily solved by methods, analogous to those used in the preceding 
sections. Let the Ox axis be the locus of the cuts. A beginning will be made 
with the deduction of several formulae, analogous to those of § 1 1 2. 


1°. General formulae 

Let the region S', occupied by the elastic body, be the entire plane, 
cut along n segments L* == a^bjc (k — 1 , . . . , w) of the Ox axis; the union 
of these segments will now be denoted by L. 

It will not be assumed in this section that the stresses vanish, but 
only that they are bouw!^ at infinity. 

Then 0 ( 2 ) and T(f);are holomorphic in S', including the point at 
infinity, and for ^ |, by (36.4) and (36.5), 





X + iY 
2n{l + x) 


Y(i) = r' + 


yi{X — iY) 

2it(l + x) 



( 102 , 1 ) 


where (X, Y) is the resultant vector of the external forces, applied to 
the edges of L, 

r = B + tC. r' = B’ + iC (120.2) 


♦) This section reproduces, almost without modifications, the contents of the Author’s 
paper [23]. 
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are constants, determined by (§ 36) 

B = l(Ni + N^), C = . r' = — J(iVj — (120.3) 

1 “j- X 

JVj, iVj being the values of the principal stresses at infinity, a the 
angle between N j and the Ox axis and the magnitud&of the rotation 
at infinity. } J 

In the usual notation, introduce the function 


n{z) = 0(2) + z<t>'{z) 4- 'F(z), (120.4) 

which is also holomorphic in S’ and has, by (120.1), for large ] 2 | the form 


£2(^) = r -t- r' + 


MX ^iY) 

2 n(l xj 



(120.5) 


Substituting in (120.4) i for z and taking the conjugate complex value, 
one obtains 


T(^) = ii{z) — 0(2) — z<t>'{z ) . ( 1 20.6) 

Since the stress components are expressed in terms of the functions 
0(2), ^(2), one may also express them in terms of 0(2) and Q(2). 

In particular, one has by (32.8) 

y, — iXy = 0(2) 4- Q(i) 4- (2 — i)"^. (120.7) 

Similarly, one may express the components of displacement by in- 
troducing instead of the function ,, 

0(2) = jci(z)dz — 20(2) 4- t{((2) 4- const. (120.8) 

which, like the functions 9(2), (j;(2), is determined by 0(2), Y(2), apart 
from an additive constant. Thus (32.1) takes the form 

2 [l{u 4- tv) = xf(z) — a)(2) — (2 — 2)0(2) 4- const. (120.9) 

It will be assumed in the sequel that 0(2), Q(2) are sectionally ho- 
lomorphic in the sense of the definition in §, 106, so that, in particular, 
near the ends «», 6* 

®w<i7^7r- I- 

where .4, a are positive constants, 0 < a < 1, and c denotes the cor- 
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responding end. Further, it will be assumed that for all / on Z. which do 
not coincide with ends 

lim 4- iy) = 0. (120.1 1) 

2°. First fundamental problem 

Consider noy^rthe solution of the first fundamental problem, i.e., assume 
the values of Y’jJ', Xy , Y~, X~ on L to be given, where the (+) and / — ) 
signs, as always, refer to the boundary values on the upper and Ipwer 
edges of the cuts. A (less simple) solution of this problem was given by 
D. I. Sherman [12]. ) 

In addition, it will be assumed that the constants 9ir = B and 
F' = B' + iC, i.e., the values of the stresses at infinity, are know^. 
Since one is concerned with the stress distribution, one may, without 
affecting generality, assume that C = 0, i.e., that 

r = r = B. 

By (120.7) and (120.11), the boundary conditions take the form 
<&+(/) + Q-{t) = Y^-iX;, + £^^(/) = Y-y-iX- (120.12) 

on L. Adding and subtracting, one obtains 

[0(0 + Q(0]+ + [0(0 + Q(0]- = 2p{t). (120. 13) 

[0(0 - 12(01+ + [<i>{0 - mr = m ( 120 . 14 ) 

on L, where p(t), q{t) are the following functions, given on L: 

m = i [y; + y^ - 1 w + x;], 

(120.15) 

»w = \ [y,* - y;] w - x-^. 

It will be assumed that p{t) and q{t) satisfy the H condition on L. 

Since O(oo) — I2(oo) = — F', the general solution of the boundary 
problem (120.14) is given by (§ 108) 

0(2) — £2(2) = -4 — f'. (120. 16) 

Ttt J t Z 

L 

Further, writing 

^(2) = n (2 — «*)* (2 — *»)* (120-1 7 ) 
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and appl 3 dng (1 10.33), one obtains the general solution of the boundary 
problem (120.13), bounded at infinity [as follows from (120.1) and 


<!.(,) + Q(,) ^ _ J.__ f Xmmt 2P^ 

mX{z) J t — z X(z) 


(120.18) 


where Pn{^) is the polynomial of degree not greater than n 

Pn{z) = CoZ” -f Ci2"-1 + . . . + c„; ( 120 . 19 ) 

X{t) must be interpreted as the value, taken by X(z) on the upper (left) 
side of L. 

The formulae (120.16) and (120.18) give 

®(z) = ®.(,) + Jf , Q(z) _ Q.(z) + + Jf., (,20.20) 

where 


^ 0 ( 2 ) 

2niX(z) J 

fX{t)p{i)dt 1 1 

t — z 2Tzi J 

q{t)dt 
t z 

(120.21) 

i2o(^) = 

- ' -1 

^ X{t)p(t)dt 1 / 

' q(t)dt 

(120.22) 

27tiX(z) J 

! 

1 

7 


L 


It is easily seen that under the present conditions with regard to 
p{t) and q{t) the condition (120.11) is fulfilled. (Cf. Author’s book [25]). 

The polynomial P„(z) has still to be determined. It will be assumed 
that X{z) is a branch which for large | z | has the form 

A'(z) = + z" -h -h . . .. (120.17') 

The coefficient Cq follows immediately from the first of the formulae 
(120.20) and from the condition O(oo) = F which give 

Co = r + IF'. (120.23) 

The remaining coefficients must be determined from the condition of 
single-valuedness of the displacements. By (120.9), this condition implies 
that the expression x<p(z) — to(i) must revert to its original value as the 
point z describes a contour A*, surrounding the segment = X*. 
By contracting the contour A^ into the segment L*. it is readily verified 
that the following relations express the condition of single-valuedness. 

Theory of Elasticity 


32 
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where the differences — Oo and £1 J — Qo are easily determined by 
the Plemelj formula. 


2(x +1) f + X [0+(/) - + 

Lie Lk 

+ j [Q^{t)-a-s)]dt = o. 
^ = 1 , . . 


(120.24) 

I 


\ 


which give a system of n linear equations for the constants Cj, C^, .... Cl. 

This system has always a solution. In fact, the homogeneous systen^ 
obtained in the case F = F' = 0, = XJ' — Y~ = X~ — 0, can 

have no other solution except = ... = C„ = 0, because the 

original problem, as is easily established by ordinary means, has in 
this case only the trivial solution 0 ( 2 ) = Cl(z) = 0. Therefore the non- 
homogeneous system (120.24) always has a unique solution and the prob- 
lem is solved. 

In the particular case, where the edges of the cuts are free from stresses 
(problem of extension of plates weakened by cracks), <I>o( 2 ) = £ 2 ^( 2 ) = 0 and 
the solution takes the extraordinarily simple form 


0 ( 2 ) 


~X(z) 


IF', £2(2) 


Pniz) 

X(Z) 


+ iF', 


(120.25) 


and the coefficients of P»( 2 ) are determined by the conditions 


Co- F -fir, A- 1,2 n. (120.26) 

J A.{t) 

Lk 

For n — 1 (single crack), letting a^ — — a, bi — a, one obtains the 
formulae 


0 ( 2 ) = 


(2F + r ')z 
2^2®—'^ 


ir'. 


£ 2 ( 2 ) = 


(2F -f r )z 
2 V? — a* 


+ ir'. 


(120.27) 


A solution of the (less simple) problem for the particular case n = 1 
is effectively contained in §82a, as a particular case of the problem 
of the equilibrium of a plate with an elliptic hole under the influence 
of external forces, applied to its boundary. 
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3°. Second fundamental problem. 

Consider now the second fundamental problem, i.e., assume that the 
values of the displacements u+{t), v+{t) on the upper edges and «-(<), 
v-{i) on the lower edges of L are given; also, if u(a^), v(a„) and u{b^), 
v{bk) denote the (given) displacements of the points a^. b^, assume that 

«+(«») = u-{at) = u{a^), v+(a^) = v-(au) = v{au), 
u+(bi) = M-(dfc) = = v-(bt) = v(bi). 

In addition, let also the constants F and F' (without assuming this 
time C = 0) and the resultant vector (X, Y) of the external forces, 
applied to L, be known. 

In order to avoid having to consider directly the functions <p{z), co(z) 
which may be multi-valued, the boundary conditions will not be con- 
structed beginning from (120.9), but from a formula, obtained from (120.9) 
by differentiation with respect to x, i.e., from 

2fi,(«' + iv') — x<t)( 2 ) — 12 ( 2 ) — (z — z)<J>'(z), (120.29) 

where v' are the partial derivatives dujdx, dvjdx. Accordingly the 
boundary conditions may be written 


x<[>+(/) — fi~(0 = 2 (x.(m'+ -|- 

jcO-(/) _ r2+(2) = -f iv'-). (120.30) 

Adding and subtracting, one finds 

[x«I)(/) — Q(2)]+ + [xO(0 — £2(/)]- = 2/(0, (120.31) 

[x<I)(0 + ti(0]+ — [>‘‘I>(0 + ii(0]- = 2g(t) (120.32) 

on L, where f{t), g{t) are the following functions, given on L (cf. § 113); 

f(t) = (jt,[(M+' + «-') -f- i{v+' 4- w-')], 

g{t) = (ji[(«+' — «-') -f i{v^' — w-')]. (120.33) 

It will be assumed that these functions satisfy the H condition on L. 

In the same way as in the preceding problem, the general solutions of 
the boundary problems (120.32) and (120.31) are given by 

1 f R{t)dt 

I r\i^\ ■ £>V / I n/ 1 . n • n 


(120.30) 

(120.31) 

(120.32) 


(120.33) 


xO(2) £2(z) 


+ F' + xF + F, 


(120.34) 


£ 2 ( 2 ) = 


TtiX[z) 


f X{t)m dt 2P,(2) 
J t — z X{z) ‘ 


(120.35) 
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where X{z) is determined by (120.17) and X{t) is its value on the left side 
of L. 

The preceding formulae determine the unknown functions T(; 2 :) 
apart from an additive term, containing the polynomial 

Pn{z) == 4- . . . + C«. 

The first two coefficients Co and of this polynomial are immediately 
determined by (120.35), if one takes into consideration that for Mrge 
\ z by (120.1) and (120.5), * 1 

It is readily verified, on the basis of (120.28) and (120.30), that the 
displacements w, v, calculated from (120.9) using the functions 0(2:), 
Q( 2 :) just found, will be single- valued. However, these displacements 
will assume on the cuts Lj^ the given values, apart from some constant 
terms which may be different on different cuts. Let the constants, 
by which the expression 2fx(w + iv), calculated from 0 ( 2 :), Q( 2 r), differs 
on the cuts Lj, Lg, ...,L„ from the given values, be denoted by Cj, 
Cg, The functions 0(2:) and Cl(z) will satisfy the conditions of 

the problem only when = Cg = ... = 

These constants will be equal on the upper and lower edges of each cut, because, 
as is easily seen from the conditions introduced earlier, the expression 2yL{u -{- tv) 
tends to a definite limit as z approaches one of the ends aj^, If ~ ~ 

the condition Cj^ ~ 0 may be attained at the expense of an arbitrary constant 
entering into the right-hand side of (120.9). 


It is easily seen, by (120.29), that the conditions for the c* may be 
expressed in the form 

J [x«D(0 — Q{t)]dt = 2(x{[«(«,+,) — «(6,)] + i[v(a,^.d — v[K)]), (120.37) 

bit 

k = 1,2, . . , , « — 1 , 

where the quantities on the right-hand side are given [cf. (120.28)]. 

Substituting for x<I)(/) — Q{t) from (120.35), one obtains a system 
ofn — 1 linear equations for the determination of the n — 1 coefficients 
C 2 , • • - yCn which were so far undefined; similarly as before, it is easily 
seen that this system always has a unique solution. Thus the problem 
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is solved. The solution for the particular case n = 1 was obtained in 
§ 83 by different means. 

The problem, where the displacements are only given apart from con- 
stant terms which are different on different cuts, may be solved in an 
analogous marmer; however, in that case, the resultant vectors of the 
external forces, acting on the individual cuts separately, must also be 
given. 

4°. A certain mixed problem 

In conclusion, a certain problem will be solved which was considered 
by D. I. Sherman [13]. In this problem the external stresses, applied, 
say, to the upper edges of the cuts, and the displacements on the lower 
edges are given. D. I. Shetman solved this problem by rather complicated 
means, reducing it to a system of singular integral equations (which 
admittedly is simple), and there is one omission in his solution about 
which more will be said later. 

By (120.7) and (120.29), the boundary conditions may be written 

-f £!-(/) y; ■ ix;, — a+{t) = 2yL(u'- -i- *v'-) (120.38) 

on L. Multiplying the second of these equations first by — then 
by -t- iIVk, and adding to the first (cf. D. I. Sherman [13], p. 333), one 
obtains 

[o(0 -f a{t)J - [<D(0 + ^ a(i)]'’= 2f,(t), (120.39) 

[^0(0 — f2(<)]'^ + [‘I’W - ^ £2(0] = 2m (120.40) 

on L, where m- /zCO functions, given on L; it will be assumed that 
these functions satisfy the H condition on L. 

Thus the functions 

0(2) + -V "r 

yx V** 

determine the solutions of the boundary problems (120.39) and (120.40) 
which are particular cases of the problem, solved in § 110. In the notation 
of that section, one has for the problem (120.39): g = while for the 
problem (120.40): g = — tVx. 

Solving these problems by the method of § 110 and taking into con- 
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sideration the behaviour of 0(2), Q(2) at infinity, one finds 


0 ( 2 )- 

where 


-s/jt 

i 


y/-K 


£ 2 ( 2 ) 


£ 2 ( 2 ) 


2Tzi 


\Tzi J Xtm 

L 

f J xnt 


mt-z) 


2Ki J X^{t){t — 2) 


+ Xi(2)P”>(2). (120.41) 

+ X,(2)P<f)(2). (120.42) 


X^{z) = n (z_a,)-vi(2_i,)vx-i. x^{z) = n (2-a*)-^» {z-b,Y^-\ (12C\43) 
1 1 


Yi = 


log (i^/y.) 




For Xi{z), X^(z) one must select branches, holomorphic in the plane 
cut along L. 

By adding and subtractiiig (120.41) and (120.42), one may obtain 
closed expressions for 0(2) and £2(2), but this will not be done here. 

For the determination of the 2n + 2 coefficients of the polynomials 
P^j ^ and P)f^ one has the following conditions. Firstly, that the functions 
0(2) and Q{z) must behave at infinity in accordance with (120.1) and 
(120.5); in this connection it will be assumed that the constants F, 
F', X, Y, entering into these formulae, are given. 

The resultant vector of the forces, applied to the upj)er edges of the cuts, are 
determined by the values Y^, on L; in addition, it is assumed that the resultant 
vector of the forces, applied to the lower edges, is known. The sum of these vectors 
is the vector (X, Y). 

Secondly, that the displacements must be single-valued, as in the case of 
the first fundamental problem. Finally, that on the lower edges of the 
cuts the expression 2n(u -f- iv) assumes given values, and not only apart 
from certain constants ; as in 3°, it is sufficient for this purpose to express 
that 2n(u -f tv) assumes on the lower edges of the cuts the given values 
apart from a constant which is the same for all cuts. In this way one 
obtains a system of 2» 2 linear equations, since the first group renders 

four, the second » equations one of which is a consequence of all the others 
by the strength of the equations of the first group, while the last group 
contains n — 1 equations. These equations determine the 2» -1- 2 un- 
known coefficients and it is easily verified, on the basis of the uniqueness 
theorem (which obviously holds imder the given conditions), that this 
system has always a unique solution. 
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D. I. Sherman [13] did not subject the unknown solution to the conditions, 
securing uniqueness, in contrast to what he did in his paper [12] in which he solved 
the first fundamental problem. Therefore his solution of the problem, considered 
just now, contains constants which cannot be determined without additional 
conditions. Sherman gave no study of his solution and assumed these constants 
to be arbitrary. 


For example, consider the case where there is only one cut L ~ ah 
the' lower edge of which does not move {u- = v~ = Q on. L), while the 
upper edge is free from stresses = Xy =0 on L), and where the 
stresses and rotation vanish at infinity (F = F' = 0). Further, let it 
be assumed that the vector of the external forces, applied to the lower 
edge, is equal to (0, — Pq). 

This problem may be interpreted as follows : a rigid straight strip has 
been welded to the lower edge on which acts a symmetrically distributed 
force of magnitude P^ in the negative y direction. 

In the present case, n—\, fi(t) = /^(f) = 0, 

X^{z) = {z — (z — X^is) = (z — a)-'^> (z — 

and, since <I>( 2 ) and Q( 2 ) must vanish at infinity (because F = F' = 0), 
one has, by (120.41) and (120.42), 

<D(z) = C,X^(z) -f CMz), il{z) = - H- CM^). 

where and Cj are constants. These constants are determined on the 
basis of the conditions, following from (120.1) and (120.5), i.e., for large 1 z \ 


0 ( 2 ) = 


iP. 

27 c (1 -j- x) 



Q(2) = 


— ^‘xPq 
27t(l -f x) 



whence, assuming that Xi( 2 ) and ^ 2 ( 2 ) refer to branches for which 
lim zXi[z) = lim zX^{z) — 1 , 


C\ + C2 = 


iPo^ 

27t(l -j- x) ’ 


— t\/xCi -f iy/v.C^ — 


2k( 1 -f x) * 


^'Po (l —iV^) ^ _ ^Po(1 + »Vx) 

47t(l -f- x) ’ * 47t(l -f- x) 
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SOLUTION OF BOUNDARY PROBLEMS FOR REGIONS, 
BOUNDED BY CIRCLES. AND FOR THE INFINITE PLANE, 
ALONG CIRCULAR ARCS 

Important boundary problems for the circle and for the infinite 
with circular holes may be easily solved in a manner analogous to that 
used in the preceding chapter. The solutions of the first, second and 
mixed problems for these cases, and likewise for a more general case 
to be considered in Chap. 21, were given by 1. N. Kartzivadze in his 
dissertation parts of which have been published in his papers [1,2]; 
only finite regions are considered, since the case of infinite regions may 
be solved by analogous means. Those results of Kartzivadze which refer 
to regions bounded by circles will be studied in §§ 121 — 123. 

B. L. Mintzberg [1] published recently a solution of the mixed problem 
for an infinite region with circular holes; he was apparently only ac- 
quainted with the first of the above papers by Kartzivadze. 

In § 124, the solution of the fundamental problems for an infinite 
region cut along circular arcs will be given. 

§ 121. Transformation of the general formulae for regions, 
bounded by a circle. Let L be the unit circle with centre at the origin 
and let S+ be the inside of this circle and S~ the remaining part of the 
plane (excluding L). 

Let the elastic body occupy one of the regions S~^ 5+. Introduce polar 
coordinates r, ^ by the relation 

z = X -^iy = re^ 

and, as in § 39, denote by rr, M, the stress components in polar co- 
ordinates. The formulae, expressing these components in terms of the 
functions d>( 2 ) and W{z) (§ 39), will now be written as follows [(39,4), (39.5), 
where in the latter has been replaced by {zjz )] : 

M = 2[<1>(2) -f- ^], (121.1) 
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rr + ir^ = 0(2) + 0(2) — 20'(2) — ~ ^(2). (121.2) 

2 

Further, the formula 


2ii(u + iv) — x.(p(z) — 2q}'(2) — tj;(2) + const. (121.3) 

will be recalled which expresses the displacement components u, v (in 
rectangular coordinates) in terms of the functions 9(2), <|;(2), related to 
0(2) and T(2) by the formulae <p’{z) = 0(2), <(^'(2) = ^(2); differentiating 
(121.3) with respect to .9-, one finds the formula 

2yi{u' + iv') = Z2 |^xO(2) — 0(2) + z(S>'{z) + ^ ¥(2) J, (121.4) 


where now 



v' = 


dv 

'db' 


The functions 0(2) and 'F(2) are holomorphic in the region under 
consideration (S+ or S~). When this region is 5", these functions have 
for large | 2 | the form 


„ X-\-iY \ 

O 2 = r - + 

27 t(l + x) 2 


-(i). 


where in the former notation 

T = B-\-iC, r=^B' + iC'. 


(121.5) 

( 121 . 6 ) 

(121.7) 


B = + N^). C = r = - i(iVi - iVa)^-®'*. (121.8) 

Using a previous notation (cf. § 76), the definition of 0(2), originally 
defined in S+ [or in S“], will now be extended to the region S“[or S+] 
by writing 

®W = _®(±) + l0-(i) + l?(l) (.2, .9) 

in S-[or S+], i.e., for \ z \ > 1 [or | x: | < 1], 

This extension has been selected in such a way that the values of <^{z) from the 
right and left of L continue each other analjrtically through the unloaded parts 
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of the boundary (cf. § 112); with this aim in mind, one readily arrives at (121.9), 
remembering (121.2) and noting that on L 

- _ 1 
z * 

Replacing in (121.9) z by \fz, as one is, by supposition, justified to do 
for I z 1 > 1 [or for 1 z I < 1], and assuming now | z j = | z | < 1 [or 
I z I = I z I > 1], one obtains 

<D (y) - <D(i) + i<I>'(z) + i2T(i), 

whence, taking conjugate values. 

Since the components of stress and displacement may be expressed 
in terms of <I)(z) and T(z), they may also, by use of (121.10), be expressed 
in terms of d>(z) only, which is now defined throughout the plane (ex- 
cluding L). 

When S+ is the region occupied by the body, the function <i>{z) is 
holomorphic in S+ as well as in S~, including the point at infinity; this 
follows from (121.6) and (121.9). However, the behaviour of 0(z) at 
infinity must be subject to several conditions, in order that the cor- 
responding function T(z) will be holomorphic in 5+. In fact, let 

<D(z) = ^0 + AiZ -4- A^z^ -h • . . (for 1 z | < 1), 

Bi Bi (121.11) 

<D(z) = Bo+— + -f +••• (for|z|>l). 

z z 

In order that 'f'(z), determined by (121.10), will also be holomorphic 
at z = 0, one easily deduces the condition 

A^ + B^ = 0, Bi = 0. (121.12) 

In the sequel it will be assumed that these conditions are .satisfied. 

When 5“ is the region occupied by the body, the function 0(z) is 
holomorphic in S~ (including the point at infinity) as well as in S+, except 
at the point z — 0 where it may have a pole. In fact, (121.9) together 
with (121.5), (121.6) shows that near z = 0 

x(^ -i~ fY^) 1 , * - . 

<S>(z) = — -f y . — [- a holomorphic function. (121.13) 


\ 

\ 

( 121 . 10 ) 
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The stress components will be obtained in terms of the function <I>(z) 
from the formulae (121.1) and (121.2), if one understands by ^*( 2 ) in 
these formulae the expression (121.10). In order to give (121.10) the 
form which is most convenient for the present purpose, it may be noted 
that by (121.10) 

0(2) - i^) = PTO - O ; 
substituting this expression in (121.2), one finds 

rr + * V9' = 0 ( 2 ) — O + z ^('S'). (121.14) 


where on the right-hand side one should understand by ^"( 2 ) the expression 

( 121 . 10 ). 

Similarly, one obtains from (121.4) 

2y.{u' + iv') = iz [xO( 2 ) -f O ^y) _ _ y^ (121.15) 


where again ^( 2 ) is given by (121.10) and, as before, 

du . dv 

u = — , V' = 

d» 09- 


(121.16) 


It will now be assumed that 0 ( 2 ) is continuous at L from S+ and from 
S-, except possibly at a finite number of points Cj, of L near which 

ron<;t 

|0(2)|< 0<a<l; (121.17) 

|2 - Cfc 

in addition, it will be assumed that 

lim (1 - r) 0 '( 2 ) = 0, 2 = re^ (121.18) 

for all values of ■9', except possibly for those which correspond to the 
points Cft. It is easily seen, on the basis of (121.10), that 

lim (z - -) T( 2 ) = lim (r - -) T( 2 ) = 0. (121.19) 

If L contains unloaded sections L', i.e., if on L': rr — = 0, then, 

as shown by (121,14), <!>+(<) — 0“(^) = 0 on L'. Consequently, the values 
of 0 ( 2 ) inside and outside of L are analytic continuations through 
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the unloaded sections of the boundary, as in the case of the half-plane. 
In fact, the definition (121.9) of €>( 2 ) in S-[or 5+] was chosen in order to 
ensure this property. 

A number of fundamental boundary problems for the circle are easily 
solved by use of the preceding formulae in a manner, similar to that 
used in Chap. 19 in the case of the half-plane. 


§ 122. Solution of the first and second fundamental problet 
for the region, bounded by a circle. These problems have 
previously solved by different methods. Their solution will be outlined 
here as an illustration of the new method. \ 

1°. First fundamental problem for the circle 
In this case 5+ is the region, occupied by the body, and the boundary 
condition has the form 

-f i = A(0 + iT{t), ( 122. 1) 

where N and T are the normal and tangential stresses on L which will 
be assumed known. By (121.14), this boundary condition takes the form 
[cf. remarks following (113.1)] 

0+(/) - O-(0 = N{t) -f iT{t). (122.2) 


One has thus arrived at the problem, solved in § 108; in the present 
case it is required to find the solution, bounded at infinity. Appl 3 dng 
(108.2), one finds 





jv(/) + im „ 


(122.3) 


L 


where = d>(oo) is a constant, at present unknown. In order to de- 
termine Bq and also to ascertain whether the problem is possible, con- 
sider (121.12) which must, by supposition, be satisfied. 

For this purpose the constants Aq and Bj of (121.1 1) wiU be calculated. 
One has 

2n 

Ao = 0(0 ) = j m) -K *T(0] T + ^0 == ^ 

L 0 

2?t 

Bi = lim [^0(2)] = - — / [N{t) -f iT(t)]dt = - [N + iT)e^d^. 
«-^oo J 27t J 
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The conditions (121.12) give then 

2tc 

y (iV — iT)d^ + -Bo + .So ~ 

0 

2Tt 

^(N + iT)e^d^ = 0 . 

n 

The first of these formulae shows that one must have 


(122.4) 


2tc 

lTd» = 0; (122.5) 

0 

if this condition is satisfied, then 

2rr 

ffiBo = - - - / Nd{^. (122.6) 

4tc./ 

0 

The conditions (122.4) and (122.5) express that the resultant vector 
and moment of the external forces vanish, and so must clearly hold in this 
problem. 

The formula (122.6) determines the real part of the constant the 
imaginary part of B^ remains undetermined, as was to be expected, 
because it only influences the rigid body motion. Thus the problem is 
solved. 


2°. First fundamental problem for the plane 
with a circular hole 

This problem may be solved in the same way as the preceding one. 
In this case ^ 

f p»- = N(t) + (122.7) 

where N(t) and T(t) are the given external normal and tangential stresses; 
as in § 87« and § 56, N is the projection on the normal, directed towards 
the centre, while T is the projection on the tangent which points to 
the left as one looks along the positive normal. 

On the basis of (121.14), this condition takes the form 

<D+(^) _ <l>-(f) = _ {N{t) + »T(f)] 


( 122 . 8 ) 
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which is of a similar form as (122.2). However, in the present case, one 
has to find a solution which has at infinity the given value F and at z = 0 
a pole with the principal part equal to 

f' x{X + iY) J 
2® 27t(1 + x) z ’ 


this follows from (121.5) and (1 21. 13). Therefore, appl 5 dng the results 
of § 108, one finds immediately 


I fN(t) + iT(t) , „ 

0(2) = - --- / — YL + r + 

2m J t — 2 


x(Z + iY) 
2tJi(l + x) 


1 F' 

(,22.5 


The quantities X, Y (i.e., the components of the resultant vector of 
the external forces) may be calculated directly from the given data; 
in fact, 

X + iY = - l(N + iT)e^ d&. 

0 


The constants F and F', however, which determine the stresses and 
the rotation at infinity must be assumed known. It is readily verified 
that the displacements will be single-valued. 

The problem is thus solved. It is easily seen that for F = F' = 0 the 
present expression for 0 ( 2 ) in S“ agrees with that obtained in § 87a 
(where it had been assumed that the stresses and rotation vanish at 
infinity). 

3°. The second fundamental problem for S+ and 
S“ may be solved in an analogous manner, beginning with (121.15). This 
will be left to the reader. 


§ 123. The mixed fundamental problem for a^ region, bounded 
by a circle. This problem has so far not been solved. Let L* = 

{k = 1,2, . . . , n) be given arcs of the circle L, denoted in such a way 

that the ends are encountered in the order a^, bi a„, b„, a^, when 

passing around the circle in the counter-clockwise direction. The union 
of these arcs will be denoted by L', so that 

L' = Li 4- L 2 -f- ... + L^, 
and the remaining part of L by L". 
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Let the components of displacement and of stress be given on L' 
and L” respectively. 

Since the problem of the case, where the external stresses are given 
along the entire boundary, has already been solved, the mixed problem 
under consideration may be reduced to the case where the displacements 
are given on the segments Ly. — Uyhy, while the remaining part of the 
boundary is free from external stresses. (The solution of the general 
problem may also be obtained directly; cf. the Note at the end of this 
section.) 

1°. Solution of the mixed problem for the circle 

Consider first the case where S'+, i.e., the inside of the unit circle, 
is the region occupied by the body. The boundary condition then takes 
the form 

M+ + = ^(0 on L' , (123.1) 


n+ 4- =0 on L", (123.2) 

where g{t) is a function, given on L'. It will be assumed that the derivative 
g'{t) satisfies the H condition. 

On the basis of (121.15), one obtains from (123.1) 


where 


xO+(<) + ^"(0 == 2tJig'(0 on L', 


dt 


(123.3) 


(123.4) 


On the other hand, (123.2) leads, as noted earlier, to the condition ^>+(<) — 
— 0~(i) = 0 on L" which expresses that <^{z) is holomorphic in the entire 
plane, cut along L'. 

Thus the problem of finding 0(z) is reduced to the determination of 
a solution of the problem, considered in § 110, which must be bounded 
at infinity. In the present case the constant g of § 1 10 is equal to — 1/x. 
and 



i.e.. 


Y = i 
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where 




logx 

2n 


Therefore, by (110.2), 

Xo(z) ^n(z- (z - 


(123.5) 


(123.6) 




where one has to understand by Aro(z) that branch which for large I z | 
has the form ^ 

^.w-=v + -“iS^ + -- 023 . 7 ) 


Applying (110.18) and remembering that <I>(z) is to be bounded at 
infinity, one finds 

L' 

where P„{z) is a pol 5 momial of degree not higher than n: 

P„(z) = (123.9) 


The constants C^, Cj, . . . , C„ have still to be determined so that they 
satisfy all the requirements of the original problem, i.e., the conditions 
(121.12) and the boundary condition (123.1); it will not be sufficient to 
satisfy only (123.3) which was obtained from (123.1) by differentiation 
with respect to It should be noted that (123.1) has to be fulfilled 
exactly, apart from a constant which must be the same for all L*., because 
then it may be satisfied exactly by a suitable choice of the arbitrary 
constant on the right-hand side of (121.3). It is easily seen that this last 
condition may be expressed by the relations 


J dto = 2(i[g(flfc+i) - g(6fc)]. 


k=\,2,...,n, («*+! = ax), 


(123.10) 


where <t>+(^o) and O“(#o) must be obtained from (123.8). Since <I>''’(fo) = 
<I>“(io) on the arcs ij/it+x, the conditions (123.10) give 

(x -f 1) f -f- S = 2p[g(«»+x) - g(&»)]. (123. 1 1) 

J l-o 
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where 

7WX J 

L’ 

(123.12) 






(123.13) 


Ok o>k+i 


One has 

thus obtained n linear equations in Cq, Cj, . 

..,C„. The 


conditions (121.12) have still to be satisfied. It is readily verified that 
the second of these is a consequence of the conditions (123.1 1), obtained 
above. In fact, it follows from (123.11), equivalent to (123.10), that 

I = 0 , 

since, by (123.3), 

/[xo+(<„) + <i>-(g]^^o == Mg{h) - g(«.)]- 

(Ik Ok 

However, since 0 ( 2 ) is holomorphic in 5+, the integral over the first 
term vanishes; hence 


= 0 , 

L 

and this means that the coefficient in the expansion for ^>( 2 ) in de- 
creasing powers of z near the point at infinity is equal to zero. 

Thus there remains only the first condition of (121.12) which may 
be written 

<&( 0 ) + 0 (^) = 0 , 

so that, by (123.8), 

+ + = (.23,. 4) 

V 

Consequently, one has finally the n 1 linear equations (123.11) and 
(123.14) for the determination of the constants Cq, Q, . . ., C„, or, 
more correctly, a system of 2ft + 2 linear equations for the determination 
of the real and imaginary parts of these constants. 

Theory of Elasticity 33 
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it has still to be shown that this system has always a unique solution. 
But for this purpose it is sufficient to verify that the homogeneous system, 
obtained for g(t) = const., has no other solution except Cq = = ... 

= C„ = 0. However, this is a direct consequence of the uniqueness 
theorem for the mixed problem. 

2°. Solution of the mixed problem for the plane 
with a circular hole | 

This may be treated in quite an analogous manner. As mentioned in 
the introduction to this chapter, the solution of this problem was re- 
cently published by B. L. Mintzberg [1]; his solution (for the particular 
case n — 1) is somewhat more complicated than that given here. 

In the present case, the boundary condition has the form 

u~ -)- iv~ — g{t) on L', (123.15) 


rr~ i r^'- = 0 on L” ; (123.16) 

it follows from (123.15), using (121.15), that 

<I)+(i) -h xOiO = 2(xg'(<), (123.17) 

while (123.16) gives, as before, 0+ — 0“ = 0 on L”. 

It is now required to find a solution <I>( 2 ) which (as in the preceding 
case) is bounded at infinity and has at the point 2 = 0 a pole of not higher 
than second order [cf . (121.13)]. 

It will be assumed that the stress components at infinity, i.e., the 
constants F, F' in (121.5), (121.6), as well as the resultant vector (X, Y) 
of the external forces, applied to L', are given. 

As before, the results of § 110 will be applied for the solution of the 
problem (123.17). This time 

m = 2iig'{t). 

^ 2ni 2m ~ ’ 

i.e., 

y = i — 


where p is the same as previously, viz. 

„ logx 
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In the present case 

Xo{z) = n (« - (z - (123.18) 

ft - 1 

where one has again to select a branch, satisfying (123.7); the general 
solution of the problem (123.17), satisfying the conditions stated above, 
is given by [cf. (1 10.26)] 

f 

TZt J 
L' 


g'{t)dt 


xut) it - 2 ) 


+ 


D. 


+ 


£>i 


+ P 


»(^)}^Yo(z), 


(123.19) 


where P„(z) is a polynomial of degree not higher than n and Di, are 
constants. These constants are immediately determined from the con- 
dition [cf. (121.13)] that near ^ = 0 



xjX -b iY) 1 
27r(l x) z 


+ 0 ( 1 ). 


(123.20) 


Similarly, the coefficients Cf, and of z" and in the polynomial 
P„(z) are determined by the conditions [cf. (121.5)] that for large | z | 


0(2) r 


A' + iY I ^ 

1_ 0 

27t(x -(-1) z 



(123.21) 


in particular, Cq == F. The values of the remaining coefficients Cj, . . . , C„ 
are found from conditions, completely analogous to the conditions 
(123.10). It is easily seen that the required single- valuedness of the 
displacements will then be ensured. 

NOTE. It has been assumed that the part L” of the boundary is free 
from external stresses. However, the solution of the case, where L” is 
suDjected to arbitrarily given loads, is easily written down; for this 
purpose it is sufficient to refer to the statements in § 1 1 1 (cf. also the 
Note at the end of § 114). 


§ 123a Example. 

This example was presented in the paper [1] by B. L. Mintzberg who started 
from his own general formulae which are more complicated than those deduced 
here; he was therefore obliged to evaluate several integrals, in contrast to the 
present method where the solution is obtained almost without any calculations. 
Other problems, treated in Mintzberg’s paper, may likewise be solved in this 
way. 
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Let a rigid stamp be applied to the arc L' — ab of the circular hole 
of radius 1 ; let the profile of this stamp be an arc of a circle of the same 
radius and let it be rigidly attached to the elastic body. A normal force 
of magnitude Pq which is distributed S3anmetrically is applied through 
the stamp. It will be assumed that the stresses vanish at infinity. 

Further, let the centre of the arc ab lie on the positive part of the Oy 
axis, so that X — 0, Y = Pq. In the present case, n = ], g{t) = con^t., 
g'{t) =0, r = r' = 0. Therefore, by (123.19), 

0(z) = Xq{z) |Co 2 + Cl H + • 

where 

, , Xoiz) = {z- {z - • 

with the supplementary condition lim zXq{z) =' 1 . 


It follows from (123.20), since F' — 0, X iY = iP^, that 


D,^0. D,X,{0)=-^ 


txP„ 


2n{K + 1 ) 


and from (123.21), since F = 0 and, for large I z |, Xo{z) = + 0(1), 

that 


Co = 0, Ci = 


iPp 

27t(x + 1) 


It is also easily established by investigating the changes in the arguments 
of (z — a) and (z — 6) as z moves along the Ox axis from infinity to the 
point z = 0 that 

XoiO) = 


where w is the central angle subtended by the arc ab, and consequently 

n 

^ 27t(x + 1) 

With those values for the constants one finally obtains 


0(z) 


(z-«)-*+*^ 

27r(x +1) 




and the problem is solved. 
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§ 124. Boundary problems for the plane, cut along circular 
arcs *). Let an elastic body occupy the plane, cut along the arcs 
Li = Ujbi, . . . , Ljb = (1*6* of one and the same circle. As previously, 
it will be assumed that the ends of the arcs are encountered in the order 
a^, bi, . . . , a„, 6„, as one moves around the circle in an anti-clockwise 
direction. The union of these arcs will now be denoted by L, so that 

L — Li-\- L^-\- ... -f- L„. 

Let the radius of the circle be of unit length and its centre coincide 
with the origin. 

The solution of the boundary problems for such a body may be obtained 
in a similar manner as in the case of the plape with straight cuts (§ 120). 

A beginning will be made with (121.1) — (121.3) in which now <I>(2) and 
T(2) are defined ’ throughout the plane, cut along L, and instead of 
'F(i:) a function Q(«) will be introduced which will be defined in the 
following manner : 

ow if(i)-±a'(l)-±T(l), (mi) 

whence 

T(0) = ~ <I)(2) - -- Q (- ) - - 0'{z). (124.2) 

Z~ Z‘‘ \z / z 

It follows from (124.1) that il(z) is holomorphic everywhere in the 
plane cut along L (including the point z = oo), except at z = 0 where 
it has a pole of not higher than second order. In fact, it is easily seen 
from (121.5) and (121.6) that near z = 0 

Q(z) = ' -1- a holomorphic function; (124.3) 

z® -f 1) z 

if this condition is satisfied, the function T(z), defined by (124.2), will 
satisfy the condition (121.6). 

Further, in order that 'F(z), as given by (124.2), will be holomorphic 
near the point z = 0, the function Q(z) must satisfy certain conditions; 
in fact, if 

<l)(z) = A^-\- AyZ (for I z I < 1), 

B (J24.4) 

Q(z) = Bo + -t-+ ••• (for|z|>l), 

♦) To the Author’s knowledge, no solution of these problems has been published previ- 
ously. 
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then, for ^( 2 ) to be holomorphic near z — 0, it is necessary and sufficient 
that 


Aq — Sq, Bi — 0 . 


(124.5) 


It will also be recalled that for large | z 

, ^ + iY 


<t>{z) 


2k{x +1) z 



(124.6) 


Since the components of stress and displacement may be expressed i| 
terms of 0 ( 2 ), ^( 2 ), they may likewise be expressed in terms of 0(z) an* 
ft ( 2 ). In fact. 


rr ir%- = 0 ( 2 ) + ft 


(i) 


+ 5(i--i)T(2), 


2|X(«' + iv') - iz [xO( 2 ) _ ft Q-) _ i _ -; )'F( 2 )J, 


(124.7) 

(124.8) 


where ^( 2 ) is now given by (124.2) and 


u = 


du 


v' — 


dv 


It will now be assumed that for all points t = on L, except the 
ends Uu, 6*, the functions 0(2) and ft( 2 ) are continuous at L from the 
left and from the right and that 

lim(l - 0^(2) = 0. (124.9) 

r->l 

In addition, it will be assumed that near any end c 


0(2) I < - 


const. 


cr’ 


ft(2) I < -- 


const. 


0 < oc < 1. (124.10) 


By means of the above formulae, all the boundary problems, solved in 
§ 120 for the case of straight cuts, may now be solved for the present 
type of cuts by methods, quite analogous to those used in § 120. In 
view of this analogy, consideration will here be restricted to the solution 
of the first fundamental problem, when the stresses on both sides of L are 

given, i.e., when the values of rr+ + and of rr~ + ir^~ on L are 
known. 

In addition, it will be assumed that the values of the stresses at infinity, 
i.e., the values of the constants B and F', as defined by (121 .8), are known. 
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Let the rotation vanish at infinity, i.e., assume that C = 0 and therefore 

r = f = B. 

By (124.7) and (124.9), 


0+(^) + Q-(<) = rr+ 4- ir^+, 0-(<) + n+(i) = rr- + ir^- on L, (124.11) 
whence, adding and subtracting, 

mt) + Q(^)]+ + [0(0 + Q(0]- = 2^(0 ^ (124.12) 

[0(0 - £2(01+ - [0(0 - Q(0]- = 2^(0 ’ (124.13) 

where 

p(f) = \[rr-^ 4- _)- A [r9-+ 

_ _ • _ _ (124.14) 

q{t) — i[rr+ — rr-'] + ~ [)'9-+ — r-0'-]. 


Taking into consideration that the function 0(z) — Q( 2 ) is bounded 
at infinity and has, in accordance with (124.3), at x — 0 a pole with the 
principal part 


r ' i_ 

2tz{x +1) z’ 


one obtains from (124.13), using (108.5), 


0{z) - a{z) 


1_ 

Tti J t — z 

L 


+ ^0 + 


x{X -f iY) 

27c(x 4 1) 


where is a constant. 

Similarly, one obtains from (124.12), using (110.26), 



0(0 4 0(0 


^ —I 4- - - 

TziXizyJ X(^) 

L 



Di 

4 — 4 


D,\ 

z^ /’ 


where X(z) denotes one of the branches of 


X{z) = n(^ - - hy # (124.15) 

A— 

which is single- valued in the plane, cut along L, and X{t) has been 
written for X+(0, i.e., the value of X{z) on the left side of L; further, 
Di and are constants and 


p„(0 = CoZ" 4 CiZ"-! 4 . . . 4 
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is a polynomial of degree not higher than n. [Note that, in applying 
(1 10.26), use has been made of the fact that Xo(i:) = \jX(z)]. 

Thus 


oM = — ^ + _L /'l^. 

2TziX{z) j t — z 2Tti J t — z 


+ 


+ 


2X{z) 




+ 


A 


r' 


0 x{X + iY) 1 

2 47t(x +1) z'^ 2z^’ 


(124.|7) 


a(z) = 


1 


2mX{z) . 


r x{t)p{t)dt 1 r q{t)dt 

J t — z 2m J t — 


+ 


1 


L 

P± 

2 


x (Z + i Y) 
47t(x +1) z 


r' 


(124.18) 


The constants and may be determined immediately from (124.3) 
which, by (124.18), takes the form 


1 

2X{z) 




x(X + iy) 1 
47t(x +1) z 


r 

Yz^ 


+ 0 ( 1 ) 


(124.19) 


near the point = 0. If Di and satisfy this condition (by which they 
are uniquely determined), the right-hand side of (124.17) will be holo- 
morphic near 2 = 0. 

The remaining constants in the above formulae, i.e., 

Z)o,Co,Ci, ...,C„, (124.20) 

of which there are n-\-2, are determined by the following conditions; 
O(oo) ==: r, (124.5) and the single-valuedness of the displacements; 
this last condition (giving n equations) may be expressed in an analogous 
marmer as in the case of straight cuts (§ 120, 2°). It is easily .shown on 
the basis of the uniqueness theorem that these conditions determine 
the constants (124.20) uniquely. 

There are actually « -t- 3 conditions for the determination of the n + 2 constants, 
i.e., there is Ifene more condition than there are unknown constants. This is due to 
the fact that the quantity X -\-iY in (124.3) had been assumed known, i.e., it had 
been calculated beforehand from the stresses, given on the boundary. However, 
one may assume that it is initially unknown and find its value together with those 
of the constants (124.20) from the above conditions. Similarly, one could have left 
the coefficient of z~* in (124.3) indeterminate in which case one would have to 
retain the condition T(oo) = F'. 
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It will be left to the reader to construct the solutions of the second 
and mixed fundamental problems, where in the latter case the external 
stresses and the displacements are given on the left and right edges 
respectively. 


§ 124a Example 

Extension of the plane, cut along a circular 
arc. 

Let the elastic plane be cut along the circular arc ah, let the edges of 
the cut be free from external stresses and let the stresses at infinity, i.e., 
the constants F and F', be given, while F = F (impljdng that the rotation 
vanishes at infinity). The radius of the arc will be taken as unity and 
its centre at the origin ; the axis Ox will be assumed to pass through the 
midpoint of the arc ah which subtends at the origin an angle 20 so 
that 

a = e"'®, 6 = e*®. (124. la) 

In the present case, « = 1 , -p{t) = q{t) = 0, X = Y = 0. Hence one 
finds from (124.17) and (124.18) 


<D(2) 


1 

'2X(z) 


fl(5:) = 


1 

2^) 


1^0 + Cj + - + 

|CoZ + Q + - 4- 


2^ 


D 2 ] 

22 I 


Dn 


F' 


+ T+ 222' 


2 2z2’ 


(124.2«) 

(124.3«) 


where now 


Z( 2 ) = V'(z - a) (7- h) = Vz^^- 7z cos 0 + 1 . (124.4«) 


It will be assumed that z-^X(z) -v 1 for 2 -> 00 . It is easily seen that 
under this condition Z(0) == — 1 and hence, near 2 = 0, 



(124.5«) 
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Hence for small I z 


J _34.:^U 

2X\z) \ z ^ z^ ) 


and (124.19) gives 


£>2 + ZJj cos 6 cos 6 


1 3 cos 26 


•^2 + 


(124.6a) 


£>2 = r', r' cos 6. {\2A.\a) 

For the determination of JD®, Cq, C^, one may use the formula (124.^), 
which now has the form 

<t>{z) = r + 0 for large | .s (124.8a) 

and the conditions (124.5). Since for large | z \ 

1 1 cos 0 r. ^ 

one obtains, by (124.2a) and (124.8a), 

Cq + Z)o = 2r, C’l + Cq cos 0 = 0. (a) 

The second condition of (124.5) does not give any new information 
(as it coincides with the second of the preceding conditions). In order 
to formulate the first condition of (124.5), it will be noted that, by (124.2a), 
(124.6a) and (124.7a), 


^0 = ‘l’(O) 


Cl Di cos 6 1+3 cos 20 

2X^ ~8 


Cl D. f'sina0 

”2 1 + + ~r " 


and that, by (124.3a), 


Bo = ft(oo) 


— ^0 


therefore the first condition of (124.5) gives 

Co-Do== -C\ + Do + if' sin® 6. {b) 

The relations (a) and (b) determine all the unknown constants; in 
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fact, one finds 

4r + (r' + f ') sin2 ^ cos* ~ 

Co = Kr' - r') sin*- + A _A. (,24.10a) 

2 ( 1 + sin* 2 ) 

Cl = - Co cos 0, £>0 = 2r - Co- (124.1 la) 

It is easily verified that the displacements are single- valued ; this 
condition has not been used above, since another condition, ensuring 
their single-valuedness, had been introduced into the preliminary analysis. 
Thus the problem is solved. 



Fig. 56. 

In particular, if the stresses at infinity reduce to a tension pin a. direc- 
tion, forming an angle a with the Ox axis (Fig. 56), then 

p ^ ^ 


t 


(124.12a) 
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If one has uniform tension p in all directions, then 


r = ^-, r = o. 

jL 


In this case 


— ZJj — 0, Cfl 


1 + sin* 


P cos 0 

. 

1 + sin* — 


"> 1^0 — 


P sin* 


1 + sin* • 


(124.13«) 


(124.\l4) 


and hence 


2 ( 14 - sin* - 


f 2 — cos 6 . » 0 1 

4- sin*—} 

^ \ W 1 — 22 cos 0 4- ^ ^ 


a(2) = 


2 1 +sin* 




(124.15a) 


22 cos 0 4- 2 * 


In particular, for a semi-circular cut (0 = 7r/2), these formulae take the 
simple form 


ow = |[ 


V 2 * 4- 1 ^ 


}, 0W=|{- 


a/2* 4- 1 2 


|. {124.16a) 
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SOLUTION OF THE BOUNDARY PROBLEMS FOR REGIONS, 
MAPPED ON TO THE CIRCLE BY RATIONAL FUNCTIONS 

The methods of solution of the preceding chapters are easily extended 
to the cases of regions, mapped on to the circle by rational functions. 
It has already been seen in the preceding Part that the first and second 
fundamental problems for such regions are easily solved in closed form. 

The new method, studied below, leads to the same results, and about 
the same amount of calculation is involved in obtaining the final so- 
lution as would be required, when using the method of the preceding Part. 

However, the present method offers the possibility of solving also 
the fundamental mixed problem, and likewise some other boundary 
problems. 

§ 125. Transformation of the general formulae *). Let S be a 

finite or infinite region in the z plane, bounded by one simple smooth 
contour L, and let 

z = (125.1) 

be the function which maps S on to the circle | ^ | < 1 of the plane ; 
the boundary of this circle will be denoted by y and its positive direction 
will be assumed to be counter-clockwise. 

If the region S is finite, the function (o(Q is holomorphic inside y; 
if S is infinite, <«)(^) is holomorphic everywhere inside y, except at the 
point corresponding to ^ = cx3, where it has a simple pole. Without 
affecting generality, it may be assumed that this point is the centre of y, 
i.e., the point C = Oj under this supposition 


2=^i3=| + M,(a (125.1') 

where w,(i;) is holomorphic inside t and c is a constant which is not zero. 

♦ The results oH§ 125-127 are due to LN, Kartzivadze [2]; some simplifications have been 
introduced by the Author. 
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The formulae will now be recalled which express the components of 
stress and displacement in the corresponding curvilinear coordinates 
in terms of the functions <1>(1^) and T{Q of the complex variable ^ 

(§50): _ _ 

pp + = 2[<D(0 + <D(i:)], (125.2) 

+ = 0(1:) + ^ mqW) + ^)^)}, (i?5.3) 

p2<o (i;) 

2(1 1 <o'(Q I (v^ + ivj == {X9(!:) - to(W) - W)h (12^.4) 

where !p(Q, (}i(^) are related to <I>(Q, ’F(?^) by the formulae ' 

cp'iz) - 0(z)<o’(z), m = (125.5) 

In the majority of cases it is more convenient to use instead of (125.4) 
the formula 

2(x(u + w) = xfiK) - MWQ - 'KC) (125.6) 

which gives the displacement components u, v in rectangular coordinates. 

If 9(1^), 4^(2^) are given, the functions <I>(J^), ^"( 2 ) are completely de- 
termined; however, if 0(2|), 'F(J[) are given, the functions 9 (Q, tj'(^) are 
only determined apart from arbitrary constants. Hence one may in the 
last case rewrite (125.6) 

2(i(u + tv) = X 9 (g - o>(QW) - 'RO + const., (125.6') 

stressing the presence of the arbitrary constant. 

It will now be assumed that (o(Q is a rational function) the definition 
of ®(1[) will be extended into the region [ !^ | > 1 by writing 

»'(!:)«K) = - (y) + -^ “K)®' (>-) + 

+ -^i;'(^)Y(i) for |i:|> 1- (125-7) 

This extension has been chosen so that the values of <D(C) on the left and on the 
light of Y extend each other analytically through the unloaded parts of the boundary 

L of the region S, i.e., through the segments on which pp « 0; in this choice 

one was guided by (125.3). 
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Replacing in (125.7) C by (| ^ | | ^ | < 1) and going to the conju- 

gate complex expression, one finds 

(") {<i>ra + ^ (y)} - “ (y) 025.8) 

This formula expresses T(^) for | ^ 1 < 1 (this function is not defined 
for other values) in terms of <I>(Q for 1 1^ | < 1 as well as for 1 | > 1 . 

The definition of (p(p may likewise be extended to the region 1 | > 1 
by imposing the condition that in this region 

9(0 = j O(0<o'(0^i0 (125.9) 


integrating both sides of (125.7) with respect to 0 one easily obtains, 
after omitting an arbitrary constant, 

9(0 == - 6>(0 O (1) - + (y) for K I > 1 , (125.7') 

whence, similarly as before, 

^(0 = _ 9 (1) - S <h(0 for I ^ |< 1 . (125.8') 


Thus the components of stress and displacement may be expressed 
in terms of the single function 0(0. defined for 1 | < 1 as well as for 

KI>1- _ _ 

The expression (125.2) for pp -f ^6- remains unchanged, while (125.3) 
is easily seen to take the form 


pp -f f p8- = 0(0 — O 



+ 


where now Y(0 is given by (125.8). 

In order to deduce (125.10), one has to proceed as follows ; add and subtract the 
function ®(l/0 on the right-hand side of (125.3) and replace the added term by the 
expression, obtained from (125.8) after going first to the conjugate complex value. 

Replacing t{((0 in (125.6') by the expression (125.8'), one obtains for 
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the displacement components u, v 

2(x(« + iv) = x<p(g + <p - {<o(q - to (-i)} + const. (125.1 1) 

From (50.4) follows the analogous formula 

= 9(0 - 9 (-^-) + {co(0 - ( -)} W) + const. (125.12) 

In the sequel also the expression for u' + iv' will be required, wl^ere 

8u , 8v 
u — - , V — — . 

09- 

This expression will be deduced by differentiating both sides of (125.6) 
with respect to 9- and by transforming the resulting expression in the 
same manner as (125.3) above. One thus obtains 

2(i(m' + iv') = iWiQ {>c^(0 + <!> (y)} - 



Under the usual conditions the functions 4)(Q and ^(Q are holo- 
morphic inside y. The behaviour of O(l^), extended by (125.7) to the 
region | ^ | > 1 , will now be studied outside y ; it is sufficient for this 
purpose to investigate the behaviour of C>(0w'(0 == 9'(^)- 
Revert to the formula (125.7) which defines <I>(1^) for 1 1 > 1- The 
rational function co(Q may have poles at a finite number of points; all 
these points lie outside y, except in the case, where S is infinite and 
where, consequently, 6)(Q has a simple pole for i; = 0. 

Denote by X.^, • • • , the poles of <«>(Q outside y, not counting the 

point = oo which may likewise be a pole. If the orders of these poles 
are Wj — 1, 1, . . ., w, — 1, the function w'(^) will have at the 

same points poles of order Wj, further, if has at infinity 

a pole of order w 4- 1 , w'(i;) will have there a pole of order m. 

Thus 4>(li)to'(i;) will have poles of order not greater than Wj, . . . , w, 

at the points X, 1^,; these poles originate from the first two terms 

on the right-hand side of (125.7), because, as is readily seen, the third 
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term represents a function, holomorphic outside y, including the point at 
infinity. In addition, the point 5^ = oo may be a pole of order not greater 
than m. 

It should also be noted that in the case of an infinite region 
may have insi4e y, and, in fact, at = 0, a pole of not greater than the 
second order. 

Thus, all possible poles of the function ^>(Qco'(C) and the maximum 
orders of these poles are known beforehand. 

Finally, it should be stressed that there will not always be a function 
'F(C), holomorphic inside y as required by the present conditions, cor- 
responding to a given O(^), defined inside as well as outside y and having 
poles of the stated type. In fact, formula (125.8) shows that T(^), cor- 
responding to a given <l>(^), may have poles at the points 

r'= L r'==_L 

V * • • • > s > 

Si 

and also at the point = 0, lying inside y. 

Expressing that is also to remain holomorphic at the stated 

points, one obtains a known (finite) number of linear equations, relating 
a certain (finite) number of the first coefficients in the expansions of 
0(2^) near the points 

^ -f . . ., A - 1, 2, . . ., r 

to the coefficients of the principal parts of the poles of the function 
0(Q at the points likewise, a known number of analogous 

linear relations corresponds to the point C = 0. 

In order to verify the above, one has to keep in mind that the principal part 
of the pole of 

at may be obtained directly from the principal part of the pole of the function 
at the point In fact, if near 

p jp 

+ • • . + + a holomorphic function, 

(I. — tfc) ^ — ‘•fc 

then near ^ 

5' ^ ® 4. — holomorphic function. 

Similarly for the pole at the point ^ = 0. 

Theory of Elasticity 
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These relations will not be written down here, but will simply be 
denoted by 

= 0, F^^O. .... F^ = 0. (125.14) 

They are always easily constructed for any given region^ i.e., for any 
given function to(Q. 

The construction of these conditions is especially simple in the case, 
where (>>(Q is a pol 5 momial, i.e., I 

<o(i:) = CiC + + ...+ (125.\5) 

when S is finite, or 

<^(Z) ... + (125.16) 

when 5 is infinite. The function C>(Q(i)'(J^) may then only have poles at 
the points ^ = oo and = 0 (the last pole only being possible when S 
is infinite). 

Note also that, if S is infinite, one has near ^ = 0 [cf. (50.14), (50.15)] 
«K)»'K) - - ~ { +0(1). (125.17) 

TO.oyO = - - ‘ + 0(1), (125.18) 

27r(x+l) Q 

where c is the same constant as in (125.1') and, in the previous notation, 
r = B + tC = J(iv, + N,) + --7--,- i 

(125.19) 

r' = S' + iC' = - J(iV, - 

while X, Y are again the components of the resultant vector of the 
external forces, applied to the boundary of S. 

In future, it will be assumed that 4»(^), defined for | | < 1 and for 

( I > 1, is continuous at all points a of the circle y from the left as well 
as from the right, except possibly at a finite number of points y* = c**" 
near which 

I I < 0 < “ < 1 ; (125.20) 

1 - Y» I 

in addition, it will be assumed that for all points o = of the circle y, 
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except possibly for the same points y* = 

lim (1 - p)0'(pe**) = 0. (125.21) 

By (125.8), one will then also have 

lim (1 - p)T(pc*<>) = 0 (125.22) 

p -^1 

with the same reservations as before. 

NOTE. 1. It is easily seen, on the basis of (125.21) and (125.22), 
that the last two terms on the right-hand sides of (125.10) and (125.13) 
tend to zero as p -> 1 , except possibly for the values ^ — 9-j. 

NOTE. 2. In the case of infinite regions S, it is sometimes more 
convenient to make use of transformations on to the region | ^ | > 1 
rather than on to the circle | ^ | < 1 ; however, this distinction is not 
of great importance. The reader will easily introduce the necessary 
modifications in some of the preceding formulae. 

§ 126. Solution of the first and second fundamental problems. 

These problems have already been solved for regions of the type under 
consideration in Part V. The formulae of the preceding section offer the 
opportunity of solving these problems in a very simple manner. Consider, 
for example, the case of the first fundamental problem, where the 
boundary condition has the form 

PP+ j:p9.+ = iV(c) -4- iT{a); (126.1) 

N(a) and T(a) are given functions of the point a of the circle y, since the 
normal and tangential stresses are given at the point t of the actual 
boundary L which correspond to the point o. By (125.10), one then has 

0+(o) - 0 -(«t) = N{a) 4- iT{a). (126.2) 

Thus one has reached, for the determination of <t>(Q, the same boundary 
problem which was obtained in the Ccise, when the region S is a circle 
(§ 122, 1°). The essential difference arises from the fact that the unknown 
function 0(!^) may now have poles outside y, and this circumstance must 
be taken into consideration when constructing the general solution of 
the boundary problem (126.2). 

From the practical point of view it will be more convenient to some- 
what modify the condition (126.2) by writing it in the form 

[d>((i)w'(ff)]+ - [0((T)a>'(a)]- = [N{a) + (126.2') 
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and by choosing as the unknown function. The distribution of 

poles of this function has been discussed in the preceding section; it 
will be recalled that in the case, where the region S is infinite, the function 
0(Q(o'(^) may also have a pole (of not higher than second order) inside y, 
and, in fact, at = 0. 

The general solution of the problem (126.2') has the form 




/' 

2m J 


N{a) + iT{a) 




a>'(a)rfa + R{Q. 


(12^3) 


where R(Q is a rational function of ^ for which the general expression 
is easily written down, since all possible poles and their maximufn 
orders of the function 0(Qa>'(^) are known. 

The arbitrary constants of R{^) may be determined from the following 
supplementary conditions : 


1. The function ^*(0, determined by (125.8), must be holomorphic 
inside y. 

2. In the case, where the region 5 is infinite, the stresses must have 
given values at infinity and the displacements must be single-valued. 

The first condition above is expressed by the relations (125.14) which 
give a set of linear algebraic equations involving the real and imaginary 
parts of the unknown coefficients; the second condition renders similar 
equations. These equations completely determine the unknown constants, 
except for one real constant, in agreement with the fact that 0(1^) is 
only determined apart from an additive term iC, where C is an arbitrary 
real constant. In the case of finite regions, the above equations will only 
be compatible, provided the resultant vector and moment of the external 
forces vanishes. 

The above statements are a direct consequence of the uniqueness 
and existence theorems. 


By means of a more detailed analysis, it may be shown that these assertions are 
not based on the existence theorem (but only on the uniqueness theorem) ; this 
was done in the paper by I. N. Kartzivadze quoted above. 

The second fundamental problem may be solved in quite an analogous 
manner; on the basis of (125,13), this problem leads to the determination 
of 0(11) from the Ijoundary condition 

[x<l>(a)to'(«T)]+ + [<l>(cr)<o'(a)]- - 2{iig'(o), 


(126.4) 
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where 









(126.5) 


gr((T) == + ligj, gj and gj being the boundary values of the displacement 

components u, v. 

The amount of calculations, required for the solution of the first and 
second fundamental problems by the present method, is approximately 
equal to that required, when appl 5 dng the method of Part V. Therefore 
no more will be said about it here, particularly, since the first and second 
fundamental problems are particular cases of the mixed fundamental 
problem which will be considered in more detail in the next section. 

NOTE 1. In the case of the first fundamental problem for an infinite 
region S, the conditions 2 above are expressed by (125.17), (125.18), 
where the real part B of the constant P and the constant P', determined 
by the stress components at infinity, must be assumed known. The 
constants X and Y may remain undetermined, as their values will be 
found from the remaining conditions, referred to above. However, they 
may be calculated beforehand from the given boundary values of the 
stresses; then, when requiring O(l^) and to satisfy the conditions 
(125.17), (125.18), one will obtain additional equations which may be 
used to replace some of the other, less simple relations between the 
unknown quantities. 

In the case of the second fundamental problem for infinite regions, 
the constants X and Y as well as P, P' must be assumed known. 

N OTE 2. In order to solve the first and second fundamental problems, 
one may, of course, begin from (125.12) and (125.11) respectively. This 
will be especially convenient in the case of a finite region, because the 
unknown function q)(!^) will then be single-valued. However, in the case 
of an infinite region, the multi-valuedness of the unknown function is 
easily removed by separating the logarithmic term, just as it was done 
in Part V. 


§ 127. Solution of the mixed fundamental problem. 

Let Li = Lj = L„ = be the arcs of the boundary 

L of the elastic body S, numbered in such a way that the ends are en- 
countered in the order bi, . . . , «n» when passing around L in the 
positive direction. Let L' = Z-i -f . . . + and L" be the remaining 
part of the boundary. 
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Let the displacements be given on L' and the external stresses on L”. 
Without affecting generality, it may be assumed that L" is free from 
external stresses. The general case is also easily solved directly (cf. Note 
at the end of this section). 

Denote by a^, (3* the points of the circle y which correspond to the 
points flfc, of L, by y' the part of the circle, corresponding to L', 
and by y" the remaining part of y. The points oc*;, p*; will play the parts of 
the points y*;, mentioned at the end of § 125. 

On the basis of (125.10) and (125.13), the boundary conditions of 
the present problem may be written 

0+((j) - 0 -((t) = 0 on y”. (12^.1) 

[<D((T)a)'((j)]+ + ^ [<D(a)oj'((j)]- = /(a) on y', (127.2) 


where, if gi, g 2 are the given boundary values of the displacement com- 
ponents M, V on L', 


/(a) = - 


2(i,j _ 

o 

X 


dg 


i j_ i 




da 


+ i 


dgz 

da . 


(127.3) 


The condition (127.1) shows that y" is not a line of discontinuity 
of the function 0(Q, i.e., that <I>(Q is holomorphic in the plane, cut along 
y', except at a finite number of points, where it may have poles; the 
same is, of course, true with regard to the function <I>(l^)co'(l^). 

For the determination of this last function one has the condition 
(127.2) which is exactly the same as the condition, obtained when dealing 
with the mixed fundamental problem for the case, where S is a circle 
(§ 123,1°); however, this time the unknown function may have poles at 
predetermined points X,^, ■ K,r, °°> the order of these poles not being 
higher than the given numbers Wj, Wj, (§125). When the 

region S is infinite, there may also occur a pole of not higher than the 
second order at the point ^ = 0. 

As in § 123, let 




logx 

27r ’’ 


(127.4) 


x^iK) = n(J: - - Pfc)-*+‘^ 

fc-i 


(127.5) 
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where Xo(Z) represents the branch for which 

lim = + 1 : 

C->oo 


one then obtains, by (110.26), 

X, 




f 

2m J X+ 


f{a)d<j 


{a){c-l) 


+ X,m{Q. 


(127.6) 


(127.7) 


where R{X,) is a rational function of the form 

R{K) = + Co + Cl?: + . . . + c„+„?:”+» + 

’■ Bv, 

1 S 2 - 


(127.8) 


(in the case of a finite region 5: Di == Dg = 0). 

The constants in (127.8) have still to be determined on 

the basis of the following conditions: 

1. The function T(Ji), corresponding to 0(Q and defined by (125.8), 
must be holomorphic inside y- This condition is expressed by the re- 
lations (125.14). 

2. In the case of an infinite region S, the components of stress and 
rotation must have given values at infinity, the components of the re- 
sultant vector of the external forces, applied to L\ must likewise take 
given values and the displacement components should be single-valued. 
These last conditions are equivalent to (125.17), (125.18) for given values 

of r, T', z, y. 

3. Finally, the fact must be taken into consideration that, if all the 
above conditions are satisfied, the displacement components u, v will 
only take on the arcs l^he given values, apart from certain constants 

(A = 1,2, . . ., n), because, when solving the problem, it was only 
demanded that the derivatives of u and v with respect to have given 
values on these arcs. Thus, one has, in addition to the above conditions, 

= ... = 0 (127.9) 


which may be replaced by the weaker conditions 


Cl — C2 — • • • — Cff, 


(127.10 
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because, when (127.10) is fulfilled, the condition (127.9) may be satisfied 
by use of the arbitrary constant on the right-hand side of (125.6')- 
The condition (127.10) may be expressed in a manner, quite analogous 
to that followed in § 123, when S was a circle. Therefore it will be un- 
necessary to write out the corresponding formulae. 

From the conditions 1 — 3 above one obtains a known number of 
linear algebraic equations for the determination of the unknown constants 
which will in this way be completely determined, as is easily seen on the 
basis of the theorems of uniqueness and existence of the solution. \ 

The solution will be particularly simple, when the boundary L contains 
only two arcs = U and = L”, i.e., when n = 1 ; in that ^ase 
the conditions (127.10) are superfluous. \ 


NOTE 1. When the part L” of the boundary L is not free from 
external stresses, but subject to external loads, the problem is likewise 
easily solved directly. In that case the boundary condition takes the 
form 

|^a>(a)w'((i) J -f jr<I)(CT)to'((T) J = /(cr) on y', 

(127.11) 

j^<I>((i)w'(CT)J — |^<t)(cr)to'((T)J = /(o) on y", 

where 


n„) = <o'(o) {w(o) + .T(<7)} on y"; 


(127.12) 


N{a) and T{a) denote here the same as in § 126. It will be assumed that 
/(ct) satisfies the H condition on each of the parts y' and y" (but that it 
may be discontinuous at the points a*, p*,). 

Applying the results of §111, one obtains the formula, completely 
analogous to (127.7), 

Y 

where and jR(Z) are the same as before, i.e., as determined by 

(127.5) and (127.8); however, the integral now extends over the entire 
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circle y and f{a) is determined by (127.12). The remaining calculations 
are the same as before. 

NOTE 2. One may (and sometimes this is more convenient) solve 
the present problem by beginning with the simpler formulae (125.11), 
(125. 12) [cf. Note 2 at the end of § 126]. In that case it must not be over- 
looked that, when determining the function 9 (J^) from the corresponding 
boundary condition, this function has to remain bounded near the 
points a*, as follows easily from the conditions, imposed earlier on 
the function <1>(Q. 


§ 127a. Example. Solution of the mixed fundamental 
problem fo*r the plane with an elliptic hole 
In the notation of § 48,5'’, one has in this case for the transformation 
on to the circle | ^ | < 1 

co(Q > R > 0, 0 < m < 1. (127.1a) 


One may also (and even somewhat more conveniently) use the transformation 
on to the region | ^ | > 1 ; however, the transformation on to the circle will be used 
here, in order to be able to make direct use of the formulae of the preceding section. 


The formulae (125.7) and (125.8) then take the form 

= * ({. - -») ® ({) + |( ^ + "c) ®'(~) - 

- «( I - 4)^(y) for I !; I > 1. (127.2.) 

= - r(i J?(i - 


-r(c+ I’)®'® for 1 1; I < I, (127.3.) 


while (125.17) and (125.18) become 

Rr 




RF' 




K(X-tY} 1 

^ + 1 ) ^ 




(127.4a) 

(127.5a) 
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For simplicity, assume that n=- I, i.e., that the contour L is divided 
into two parts aia 2 , ^ 2^1 > the second of which is free from external 
stresses, while the displacements are given on the first. 

Denoting by and 02 the points of y which correspond to the points 
and of the ellipse, one has 

Xo(Q = (?: - (C - p = . (127.6a) 

Let 

(1^7.7a) 


e*®*, cTj — = 1^0 — --- , 9'2 = ^0 + 


(O 


2 ’ ' 2 ’ 

where is the argument of the midpoint of the arc and « ii the 
angle subtended by this arc at the centre of the circle. 

For large | ^ | 

^o(Q=y + -^i+ •••. (127.8a) 


where 


OTi + <T, 


CO 


- + jp((Ti — Oj) •— e’*® ( cos — + 2p sin . (127.9a) 


2 ' • ' ‘ \ 2 
Further, it is easily verified that 

Xo(0) = - 

so that for small | ^ | 


(127.10a) 


1 

i 

\ 

‘iH 


L CTiJ 1 

1 

L_ 


where 


CTl + 02 


Xo(0)[l + aoK + . . .]. (127.11a) 

+ 2p(uj — 52 ) = c“'^^cos--- — 2p sin— . (127.12a) 


The formula (127.2a) shows that <o'(Q<[>(^) must be holornorphic 
outside y, including the point at infinity; further, since 0(Q is holo- 
morphic inside y, the function to'(QO(!I) has at ^ = 0 a pole of not higher 
than the second order. Therefore, in agreement with (127.7), 




f _ /(a)^ _ 

'2ni~ J ~Xf{aj (a - l)'^ 

+ {co + c,i: + ”^-+|f}x„(a 


(127.13a) 


where Cq, Cj, Dj, Dj are constants, subject to determination. 
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The values of the constants and are determined directly from 
(127.4«); in fact, by (127.13a) and (127.11a), the principal part of the 
pole of the function 4>(^)<o'(J^) at = 0 is given by 

whence, by comparison with (127.4a), 

Xo(O)Z), = - RT, XMD, + Oifiz) = : (127.14a) 

the values of and may be obtained from these formulae. 

The coefficients Cq and Cj may be determined by the help of the 
conditions (127.5a). For this purpose the principal part of the pole at 
= 0 of the function 'F(Qo)'(Q, as determined by (127.3a), will now be 
calculated. It is given by 

C ' 

Comparison with (127.4a), taking into consideration (127.14a) and going 
to the conjugate complex value, yields 

C, R{mr+r). Co + aQ- 2i!(x+T)^ (127.15a) 

Thus all the constants have been determined and the problem is solved. 
For w = 0, one obtains the solutions for the infinite plane with a circular 
hole. This case was considered independently in § 123, 2^. 

§ 128, The problem of contact with a rigid stamp. 

r. Statement of the problem. Uniqueness of 
solution 

In very many cases, occurring in practice, the boundary problems 
arise from the contact of the surface of the elastic body under consider- 
ation with the surfaces of other bodies. Several particular cases of pro- 
blems of this type have been considered in §58, §§ 115 — 119. 

The case will be studied here where the given elastic body is in contact 
with an absolutely rigid body of given shape. It will be assumed that contact 
occurs along the entire boundary of the elastic body and that the surfaces 
of the bodies are perfectly smooth, so that there is no friction. 
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To the Author’s knowledge this problem was first formulated and 
solved by J. Hadamard [2] for the case of an elastic sphere. 

The solution of the problem for plane regions, mapped on to the circle 
by means of rational functions, was given in the Author’s paper [19] 
and it was reproduced, with some additions, in the preceding editions of 
this book. In the second part of this section a solution will be deduced 
which is somewhat different in appearance, but essentially the same. 

In the later work, consideration will be restricted to the plane case and 
it will be assumed that the boundary of the elastic body consists of one 
simple contour; however, the body may be finite or infinite (infinite 
plate with a hole). Hence one will have to deal with one of the follo^ng 
two cases : 

A. Case of a finite region 

An elastic disc is inserted into an opening of given shape in a rigid 
body (plate) ; the boundary and position of the disc, before deformation, 
differs slightly from the shape of the hole into which it is pressed (because, 
as always, displacements have to be small). 

B. Case of an infinite region 

Into a hole in an infinite elastic body (plate) a rigid disc is inserted 
whose boundary and known position, before deformation, differs some- 
what from that of the hole. In this case it will be assumed that the values 
of the stresses and rotation at infinity are given (i.e., that the constants 
r, F' are known) as well as the resultant vector {X, Y) of the external 
forces, exerted by the disc on the surrounding material. This vector is 
obviously equal to the resultant vector of the forces, applied from outside 
the disc (the forces, exerted by the elastic body on the edges of the 
disc, are not included here). 

The boundary conditions of these problems will now be constructed, 
although they could have been written down simply on the basis of 
the results of § 1 15 which hold for the particular case of a straight 
boundary. However, they will be approached here in a somewhat dif- 
ferent, possibly slightly clearer, manner and certain additional observa- 
tions will be made. 

First of all, since there is no friction, one will have on the boundary 
of the elastic body 

T = 0. 

where T is the tangential stress, acting on the boundary. 
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Next, the condition of contact between the elastic and the rigid bodies 
will be stated. As indicated earlier, it will be assumed in the sequel that 
contact occurs along the entire boundary. For greater clarity, attention 
will be concentrated, for the time being, on the case A. Let the elastic disc 
originally lie on the hole in the rigid plate (like a lid), so that its edge 
somewhat overlaps the edge of the hole. Further, let the points of the 
boundary of the disc, as a result of suitable forces applied to this contour, 
execute normal displacements v„ of such magnitude that in the end the 
boundaries of the disc and of the hole will coincide. The disc will then be 
inserted into the hole. The disc will now be in some state of clastic equilibri- 
um which is to be determined. Since the points of the edge of the disc can 
slip freely along the edge of the hole, the tangential displacements on the 
boundary will be initially unknown. However, the normal displacements 
v„ wiU be given, since they will be determined by the position of the 
boundary of the disc before deformation relative to the edge of the hole. 
Thus the boundary conditions of the present problem are 

r = 0, Vn — f on the boundary, ( 1 28. 1 ) 

where / is a given real function of the arc coordinate of the contour. 

Consider now the following circumstance. The process of compressing 
the disc until it has the dimensions of the hole (by means of normal 
displacements v„) may be performed, beginning from different positions 
of the disc before deformation; all these positions may be obtained 
from some fixed position by means of rigid body displacements of the 
disc (as always, one is here only concerned with small displacements). If 
one begins from some position of the disc (before deformation), different 
from that on which the second condition of (128.1) was based, the 
quantity / there will have a value f which differs from / by the normal 
components of the rigid body displacement necessary to return the disc 
to its original position; the boundary conditions will now be 

T — 0, v„ = f on the boundary. (128.1') 

However, it is obvious that the solution of the problem (128.1') may 
be obtained from that of (128.1) by superimposing on the latter the 
above-mentioned rigid body displacement which is known not to affect 
the stress distributions. 

Next consider Problem B (of an infinite region). Repeating the above 
reasoning almost word for word, one arrives again at (128.1) which has 
now to be supplemented by the conditions, stated earlier (i e., that the 
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constants F, F', X, Y must be known). It should still be mentioned that 
the rigid body displacement of the elastic plate will be purely translatory, 
because the constant C = 3!(F), characterizing the rotation at infinity, 
is, by supposition, given beforehand. 

It is easily shown that the problem, corresponding to the boundary 
conditions (128.1), cannot have two different solutions. In fact, it will 
be remembered that in the proofs of the uniqueness of the solutions of 
the fundamental problems an important part was played by the fact 
that the expression \ 

X„u + Y„v 

for the "difference” of two solutions vanished on the boundary (§40). 
However, this expression is the scalar product of the vector (X„, Y„), 
representing the stresses applied to the boundary, and the vector («, v), 
repre.senting the displacements of the points of the boundary. Further, 
since for the "difference” of two solutions satisfying the boundary 
conditions (128.1) one has 

7 = 0 , 

the vectors (J^„, Y„), («, v) will be perpendicular to each other, and 
hence their scalar product will vanish. 

Therefore, by the same reasoning as in § 40, it may be verified that the 
stress components in both solutions will be identical, and con.sequently 
the displacements may only differ by rigid body displacements. 

Further, it is obvious that, if one excludes the case when the boundary 
is a circle, the displacements can likewise not be different. In the case of 
a circular disc, solutions may clearly differ from each other by rigid 
rotations about the centre of the circle; in the case of an infinite plate 
with a circular hole, one will again have complete definiteness, because 
it has been assumed that the rotation at infinity is given. 

It has been shown that solutions of the stated problems, if they exist, 
are unique; the existence was recently proved by D. I. Sherman [22]. 
No space will be devoted to it here, but instead an effective method of 
solution will be stated for regions, mapped on to the circle by the help of 
rational functions. 

2°. Solution for regions, mapped on to the circle 
by rational functions 

The method below is completely analogous to that, studied in detail 
in § 126 for the cases of the first and second fundamental problems. 
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Therefore only general remarks will be made here and the application of 
the method will be demonstrated by means of examples. 

In the Author’s paper [19] (and likewise in the second edition of this book) 
the solution was obtained by the method, applied in Part V to the solution of the 
fundamental problems. 

Let the region S be mapped on to the circle 1 | < 1 by the relation 

^ = o>(Q, (128.2) 

where, by supposition, is a rational function (one may also use the 
transformation on to the region K I > 1) ; the circle | | = 1 will again 

be denoted by y and the positive direction on it will be taken as counter- 
clockwise. 

The boundary conditions, in the notation of § 50, take the form 

— 0, Vp = / on the boundary. (128.3) 

The expressions for pD- and in terms of complex functions may be 
obtained from (50.11) and (50.7) respectively. In order to deduce that 

for pS-, it is sufficient to subtract (50.11) from its conjugate complex 

expression in which case one finds on the left-hand side 2fp9-. In a similar 
manner, may be calculated from (50.7). With these expressions (128.3) 
leads to 

aW(a){(a(<j)<P'(a) -|- (o'((t)T(g)} - 52a>'(o) {w(o)<D'(o) o>'(a)T(o)} = 0, 

Jx(p(ct) — — 4'(«)} + 

+ CTa)'((T)|x(p(CT) <p'(cr) — = 4 (a/(o) I “'(ff) 1. 

where all terms are to be interpreted as the boundary values of the respect- 
ive functions as ^ <t from inside y ; f(a) denotes a known real function 
of a. 

For the present, it will be assumed that in the case, where S is infinite, 
the resultant vector {X, Y) of the external forces, applied to the edge of 
the hole (i .e. , to the boundary of S) is equal to zero. In addition, the stresses 
are to vanish at infinity. 

Under these conditions, <p(!i) and 4^(0 as well as 0(Q and ^(i;) will be 
holomorphic inside y. 
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Introduce now the following functions which are sectionally ho- 
lomorphic, except for a finite number of poles: 






ZWiZ) [ill for 1 1: |< 1 , 

' (I) <P(0 - { -) 9'{K) - wmz) for K 1< 1 , ' 


(128.4) 


y. _ 

vt: 





Obviously, the preceding boundary conditions may now be written 

0;((t) - Qi((j) = 0, (128.6) 

f2+((7) - Q^(a) = 4ii I o>'(«t) I /(<t). (128.7) 

As indicated above, the functions Oi(^), Q2(0 ^^e sectionally holo- 
morphic, except for a finite number of poles, i.e., they are holomorphic 
in each of the regions |^| < 1, |C1> 1. except for a finite number of 
points where they have poles. These poles and their maximum orders 
will be known beforehand, since they arise from the poles of the rational 
function to(Q and from the factors on the right-hand side of (128.5). 
It is readily seen that to each pole inside (outside) y there corresponds 
a pole = l/?fc of the same order outside (inside) y- 

Appl 5 dng now the results of § 108 to the solution of the boundary 
problems (128.6), (128.7), one finds 

(128.8) 




2(x 

m 


w'(o) 1 f{a)da 

y + 


(128.9) 


where jRi(C) and i?j(C) are rational functions with undetermined co- 
efficients which have at given points poles whose order is not greater 
than a known limit. The general expressions are easily written down, but 
this will not be done here and only the following observations will be 
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made. By the definitions (128.4) and (128.5) of the functions Qj(i;) 
and ^ 2 ( 1 ^), one must have 

( y ) = n, ( 1 ) = - £ 2 ,( 0 . 

whence, by (128.8) and (128.9), it is found that the rational functions 
2?i(Q and i? 2(0 must satisfy the following identities: 

( ^-) = -Ri(^), (128.10) 

^2 (y) = - f I “'W I /(®) (128. 1 1) 

Y 

in order to deduce the last condition, use has been made of the fact that, 
if /(a) is a real function and if 


then 


or, noting that cr 




The relations (128,10), (128.11) impose definite conditions on the 
coefficients of Ri(^) and R 2 (K ) ; these conditions, together with others to 
be stated below, serve for the determination of the above coefficients. 

Applying (128.8) and (128.9) to points inside y. deduces from 
(128.4) and (128.5) 

{« (y) ( 128 . 12 ) 


(”) <9'{K) - i:<o'(i:)<Ki:) (y) = 

2(Ji /’ /(«) I w'(o) I lio 




+ R^{K). ( 128 . 13 ) 


Theory of Elasticity 


35 
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Application of (128.8) and (128.9) to points outside y renders no new 
information and only leads to the conditions (128.10), (128.11) which 
will be assumed to be fulfilled. For this reason consideration may be 
restricted to the preceding equations. * 

Dividing these equations by ^®w'(Q and respectively and noting 

that 

co'(Q<i>(i:) = 9'(o. = i'(i:), 

these same equations may be rewritten 


“({) « -({) 


„,^P<pK) = «ro, (128.15) 


where G{Q, H{Q are known functions, containing linearly a certain 
number of constants, as yet undetermined. 

The function 4/(^) is easily eliminated between the last two equations. 
In fact, differentiating the second equation and adding it to the first, 
one finds, after certain reductions. 



(x -f 1) fl(C)?'(Q + yn'iW^) = OIQ -f H'iQ. 

(128.16) 

where 

-id 

CICO = - . 

(128.17) 

Thus the 

function <p(Q satisfies the linear, first order 

differential 

equation 


(128.18) 

where 



P(n - ^(0 

(x + i)D(i:) 

(128.19) 


is a known function, containing linearly a certain number of undeter- 
mined constants, and 

X 

V = 


x+ 1 


(i<v<l). 


(128.20) 
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Integrating (128.18), one obtains 

<p(t;) = + 1 F{Q[^i(^)YdQ. ( 128 . 21 ) 

where if is a constant. 

Having found cp(^), one may determine 4^(0 from (128.15). The un- 
known con.stants in the expressions for and 4'(0 niay be determined 
from the conditions (128.10), (128.1 1) and also from the requirement that 
these functions are to be holomorphic inside y- 

It has been assumed in the case, where the region S is infinite, that the 
stresses vanish at infinity. This condition is not essential. If it is assumed 
that the stresses have given finite values at infinity, the preceding reason- 
ing will remain valid. It must only be noted that in the case under 
consideration the functions cp(l[) and 4'(1^) have first order poles at = 0 
with known principal parts which can only affect the form of the rational 
functions R^iQ, R>iiQ- 

In addition, it has been assumed that in the case of infinite regions the 
resultant vector (X, Y) is equal to zero. If the vector (X, Y) is not zero, 
the corresponding problem is easily reduced to the preceding one (cf. 
the second example of the next section). 

§ 128a. Examples. 

1°. Circular disc. In this case 

- = (0(1;) = iei;. (i28.i«) 

where R is the radius of the disc and the boundary conditions (128.6) 
(128.7), written explicitly, take the form (after dividing the first equation 
by and the second by R) 

[a(D'((T) -h aW{a)]^ - [~<F' -h (7)] = 0. { 128 . 2 a) 
9(<t) — 9'((t) — ct4((c) J — 

- [->‘‘^( 7 ) + 9'(7) + 7^(7)]’= 4(x/(or). (128.3a) 

The subsequent calculations will be somewhat simplified, if it is assumed 

<p(0) = 0. (128.4a) 

and this may be done without affecting generality. 
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Solving the boundary problems (128.2«) and (128.3a) and taking into 
consideration that the functions 




+ — T 



are holomorphic for 1 | > 1 [where it follows from (128.4a) that the se- 
cond of these functions is holomorphic for ^ = oo], that the first of t^ese 
functions vanishes at infinity and that the functions 

are holomorphic for 1 | < 1 , one finds that inside y 

= 0, (128.5a) 

- (p'(i:) - i:(j/(q -f y <p(Q = (128.6a) 

Q 7ri J CT — Q 


where a is a constant. The condition (128.10) is automatically satisfied, 
while (128.11) gives 


u “f- u — 


Tzi 


rl 


2n 


/(<t) 


do 


/ f(a)d^. 
7t J 


(128.7a) 


(The multiplier | oi'{a) \ — R does not appear on the right-hand side, 
since (128.3a) had been divided by R.) 

Comparison of (128.5a), (128.6a) with (128.14), (128.15) shows that 
in the notation of § 128 

G(q = 0. H(Q = , (128.8a) 

where 

= (128.9.) 

m J (7 — 
r 


By (128.17) and (128.19), one has in the present case 





U %) - ^(0 


a 


x+ 1 


1 
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and. by (128.21), 

^2v . 

9(!:) = + 

)c -r 1 J X - 

where K is b. constant ; this last formula may still be written 


i^2v 


(p(i:) = + 


x+ 1 




(K) - A(Q + + 

^( 0 ) . , aK 


+ 


1 ^ + 

1 X 


1 


(128.10a) 


The lower integration limit in the last formula is justified, because, 
as it is easily seen, the expansion near the origin of the expression. 

[^(i:)-^(o)-!:^'(0]r*>' 

begins with a term multiplied by and it is known that 


The constants K and a must be determined from the condition that 
<p(Z) is holomorphic inside y and from (128.7a), because (128.4a) is satisfied. 

It is obvious that <p(Q will be holomorphic if, and only if, K = 0, 
because 2v is not an integer. 

The second term on the right-hand side of (128.10a) is easily seen to be a holo- 
morphic function, because the multi-valued multiplier C”®'* under the integral 
sign compensates the multi-valued factor C*” outside the integral. Finally, it 
should be realized that the branches of and must be chosen such that 

r-2v _ JL 

'• J.2v • 

The condition (128.7a) determines the real part of a; its imaginary 
part remains arbitrary, as was to be expected (because it only affects 
rigid body motion). Assuming this imaginary part to be zero and noting 
that the right-hand side of (128.7a) is equal to — A(0), one obtains 

a — d — — iA{0), 

and (128.10a) finally gives 

c 

tK) = 7^/ -'««) + 


C; (128.1 In) 
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by (128.6«) one finds now 

m = ^ 9{K) - - (128.12a) 

where it is readily verified that the right-hand side is holomorphic at 
II = 0. Thus the problem is solved. 

2°. Infinite plane with acircular hole i 

In this case the transformation on to the region | ^ | > 1 will be applied, 
so that (128.1a) remains true. \ 

If / denotes the normal displacement, assumed positive when is 
directed inward, i.e., towards the centre, the boundary conditions take 
the form (after division by and R respectively) ^ 

[a<D'((7) + GW{a)]- - [^^'(^) + 0’ (128.13a) 



- 1^- X(79 -f <p' (“') + ^ ( “)] 4ti/(o). (128.14) 

For the present, it will be assumed that the resultant vector (X, Y) is 
equal to zero and that the stresses and rotation vanish at infinity. Then 
9 ( 11 ), wiU be holomorphic for ] ^ | > 1, including the point at infinity, 
and for large | ^ \ 

4>«) = o(i). TK)-o(^); 

in addition, it may be assumed, without affecting generality, that 
({;(oo) = 0 . 

Normally it has been assumed in such cases that 9 ( 00 ) == 0; however, one may 
put instead 4 '(o°) ~ 0 - I® the present case this last assumption is somewhat more 
convenient. 

Taking into consideration the stated properties of the unknown func- 
tions and solving the boundary problems (128.13a) and (128.1 4a), one 
finds for points of the region 1 !I | > 1 

HO'dl) + ^*^(1:) = «. (128.15a) 

<p'(i;) -f i;<{;(i:) - ~ + b, (128.16a) 

(y 7Z% J O — C, 
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where a, h are certain constants which may be determined in the following 
manner. By (128.10a) 

a = a. 


and by (128.1 la) (remembering that R had been eliminated) 


b + b = 



In addition, letting ^ -> oo in (128.15a), (128.16a) and noting that 

one finds 


and hence 



(128.17a) 


The relation [C*'F(^)]t;„oo = — ^ above is obtained in the following 

manner. Remembering that 


so that, if for large | ^ | 


one has 




<^%) 


' R ’ 



Comparing (128.15a), (128.16a) with (128.14), (128.15), it is readily 
verified that in the present case 


G{K) 



A{K) _ b 


where Ai^ is given by (128.9); however, ^ lies now outside y- 
Thus one arrives again at (128.18), where now 

Fir\ = 

(x + 1)0(0 + 1 
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By (128.21), one has 

c 

9(0 = KX.^'' + f [^(0 - 

y.-\- \ J 


the choice of the lower integration limit is justified, because the integral 


hosen 


is easily seen to converge; on the other hand, this limit may be cf 
arbitrarily. 

It is obvious that 9(0 will only be holomorphic, if iff = 0, becaAse 2v 
is not an integer (see above). Hence ' 

^2v 


<p(0 


X+ 1 


- 1 [A(X) - (128.ka) 


The function 4^(0 niay now be found from (128.16a) which gives 

‘KO = ~ 9lK) - •^-<p'(0 + ’ AiK) + , (128.19«) 


where b is given by (128.17a). 

Hitherto it has been assumed that the resultant vector of the forces 
(pressures), applied to the plate from the sides of the disc, is equal to 
zero. If it is finite (still assuming the stresses and rotation to vanish at 
infinity), then, by the same method as in the analogous cases of the first 
and .second fundamental problems (cf. § 78), it is readily seen that the 
solution is given by 

9(0 + ToCO. 


where 9 (Q, ( 1/(0 are the same functions as above, while 


90(0 = - 


X + iY 

27 t(l + x) 


logi:- 


X + iY 

22CX 


( 128.20(1) 


'l'o(0 = 


27 t(l+x) 471 ( 1 + x);* 


(128.21a) 


It is likewise easily verified directly that 9o(0. 'l'o(0 solve the present 
boundary problem for / = 0 and for a given resultant vector (X, Y). 

The solution 9 + 9o> 'J' + 'J'o corresponds to the case, where external 
forces, the resultant of which is equivalent to the force {X, Y) applied 
to its centre, act on the rigid disc. 
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If this force did not act at the centre, equilibrium of the disc would be impossible, 
because, since T — 0, the resultant moment (about the centre) of the forces, 
applied to the boundary of the disc, is equal to zero. 


When the stresses do not vanish at infinity, but have given (finite) 
values there, the corresponding problem is likewise easily solved. 

3°. Infinite plane with elliptic hole 
As in the case of the first and second fundamental problems, one mi g h t 
use here the transformation on to the region K | > 1 . However, use of 
the transformation on to the circle 1 | < 1 simplifies the calculations 
somewhat. 

Thus, let 

2 == (o(q = /? R> 0, 0 <m <\. (128.22a) 

Then 


w' R{m - c^). 


(128.22'a) 


It will again be assumed that the stresses and rotation vanish at 
infinity and, in addition, that the resultant vector of the forces, applied 
to the boundary of the hole, is equal to zero (the general case may be 
reduced to this case.) 

Under these conditions <p(l[) and 4'(Q will be holomorphic inside y and, 
in addition, near the origin 

= ~!§t = 0(K^). ^(0 = = 0(i:*). (128.23a) 

<0 (g ti> (i.) 

On the basis of these formulae it is readily verified that the function 
£2i(!;), defined by (128.4), is holomorphic inside as well as outside y 
(including the point ^ = oo). 

However, the function 02(?[), defined by (128.5), may have at i; = 0 
a first order pole with the principal part 

-^{xW9(0) + (j;(0)}. 

The following observation will now be made which considerably 
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simplifies the further analysis. It is known that addition of an arbitrary 
complex constant a to together with addition of xa to 4^(^) will not 
alter the displacements (and, in consequence, not the stresses). It is easily 
seen that this constant may always be chosen such that [remembering 
that w ^ 1 (m < 1)] 

xW9(0) + ^KO) = 0. (128.24a) 

Thus, without affecting generality, it may be assumed that (12§.24a) 
is fulfilled. I 

Then holomorphic for ] C | < 1 and, as is easily seen, 

also for I ^ I > 1 , including the point at infinity. Therefore the functions 
RiiK) and /? 2 (^) (128.8), (128.9) are simply constants which wil| be 

denoted by a and b respectively and (128.12) and (128.13) may be written 


{<0 (-i) <!)'(!:) + to'co'Fco} 




(128.25«) 


- <p'(0 - (y) ^ + * (128.26a) 


(for I 2^ I > 1), where 




f(<^) 


7 -t 


da 


(128.27a) 


The conditions (128.10) and (128.11) give 
2[x .... da 

Tzi 


a, + 6 = 


//(a) |to'(<T) 


2tc 


-"J 


f(a) I co'(a) I d^. (128.28a) 


Comparing (128.25a) and (128.26a) with (128.14) and (128.15), it 
is seen that, in the notation of § 128, 


G(Q 


a 




wiZ) wiz) ' 


Finally, noting that in the present case 


Clin) - 


-(t) 


m — n* 

1 -wt;*' 
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one obtains from (128.19) 

R{y. + 1) i?(x +!)(»«- (1 - 

a — b 


R{y. + \)(m-K^) 


where 


m 




(128.29«) 

(128.30«) 


The function (p(^) is given by (128.21) which now becomes 


where K is a constant. The integrand has inside y only two singular 
points ^ ± Vw, because m < \, and it is easily seen that the integral 

converges (remembering that v > 0). Further, clearly the second term 
on the right-hand side of (128.31a) remains finite as — y/m. Thus, 
for (p(^) to be holomorphic near C = — Vw, it is necessary that K = 0. 
Hence 

— m 


Further, for (p{^) to remain finite for + y'm, it is obviously 
necessary that 

i V m 


If the condition (128.33a) is satisfied, the right-hand side of (128.32a) 
is easily seen to be holomorphic inside y. Substituting from (128.32a) in 
(128.26a), assuming (128.33a) to be satisfied, an expression is found for 
<K!J) which will clearly also be holomorphic inside y. It is likewise readily 
verified that (128.24a) is fulfilled. 

There only remains to determine the constants a and 6 in the expres- 
sions for (p(i;) and i]<(Q. For this purpose one has the relations (128.28a) 
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and (128.33fl). It may be assumed that the integral in {128.33«) is taken 
over the segment — \/m, + of fhc real axis and that on the path 
of integration 


(m-i^ y 


1 -ml\ 

is positive. 

The condition (128.33a) may be written 

J + {2K^-K^)h^K^a=^0, 

where 


7 

-\-Vm 

=h{-: 

::^h 

-iVm 

-V m 

^Vm 




•M'- 

-fT 

j'- 

-V m 




(1^.34a) 

(128\35a) 




{128.36a) 


The constants and are real and it may be assumed that they 
have been calculated once and for all for ellipses of any given eccentricity 
(determined by m). It is easily seen that < Ky The quantity / may 
likewise be assumed known, since /(cr) will be given. 

Equation (128.34a), together with (128.28a), determines a and h. In 
fact, subtracting from (128.34a) its conjugate complex equation, one finds 


6-6 = 


7-7 

2if 1 - 


(128.37a) 


which, together with the second condition (128.28a), determines 6. After 
this the constant a may be found from (128.34a). 

Thus the problem is solved. The present solution is easily generalized 
to the case, where the stresses at infinity have given finite values and 
the resultant vector {X, Y) is different from zero. 



PART VII 

EXTENSION, TORSION AND BENDING OF HOMOGENEOUS AND 

COMPOUND BARS 




The first three chapters (22 — 24) of this I^art are reproduced here in the same 
form as in the first (1933) and second (1936) editions of this book, apart 
from minor editorial modifications. In Chapter 25 of the present edition the 
study of the solutions of the problems of extension and bending by couples of bars, 
consisting of different materials with different Poisson ratios (§§ 146, 147, 

149), has been greatly extended. Further, a section (§ 150) has been added which 
deals with a solution, due to A. K. Rukhadze, of the problem of bending of such 
bars by transverse forces. Finally, certain papers, published since the appearance 
of the preceding edition and giving applications of the Author's methods, will 
be mentioned. 

As there is no space even to touch upon the interesting results of A. Ya. Gorgidze 
and A. K. Rukhadze, referring to the (approximate) solution of the problem of 
extension, bending and torsion of almost prismatic compound bars, as well as to 
the calculation of “secondary effects" for prismatic compound bars, the relevant 
papers will only be listed here: A. Ya. Gorgidze [3 — 7], A. K. Rukhadze [4], A. Ya. 
Gorgidze and A. K. Rukhadze [2, 3]. 

In the present Part, the problems of extension, bending and torsion of 
cylindrical (prismatic) bars will be considered, since they are of great 
practical importance. 

Chapter 22 is devoted to the classical results, referring to the problems 
of torsion and bending of homogeneous bars (the solution of the problem 
of extension being trivial in this case), which are, in principle, due to 
Saint-Venant. Since these results are studied with sufficient completeness 
in almost aU text books on the theory of elasticity, only the basic theory 
will be presented here; certain results which are due to the Author 
and represent applications of complex function theory will be studied in 
greater detail with examples. 

The remaining chapters of this Part give results, referring to the 
problems of extension, torsion and bending of compound bars which 
arise in connection with certain problems of civil engineering, such as 
those of reinforced concrete. In principle these results are due to the 
Author. 




Chapter 22 

TORSION AND BENDING OF HOMOGENEOUS BARS 
(PROBLEM OF SAINT-VENANT) 

§ 129. Statement of the problem. Consider a homogeneous isotropic 
bar, bounded by a cylindrical (prismatic) surface ("side surface”) and 
two planes ("ends”), normal to the side surface. It wiU be assumed that 
there are no body forces present, that the side surface of the bar is free 
from external stresses and that given forces (satisf 5 ring, of course, the 
equilibrium conditions of the body as a whole) are applied to its ends. 

ITie Oz axis wUl be directed parallel to the generators of the side surface 
and the plane Oxy chosen to coincide with the "lower” of the ends of the 
bar. The "upper” end of the bar will then have the coordinate z = I, 
where I is the length of the bar. 

The complete problem of the elastic equilibrium of such a bar under 
the stated conditions then leads to the following mathematical problem 
(§ 20) : To find the quantities Xg, Y^, Zg, Y*, Z*, Xy, u, v, w which 
satisfy in the region V, occupied by the bar, the equations 
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and, in addition, the following boundary conditions: 


cos («, x) + Xy cos (», y) = 0 

Y* cos («, x) + Yy cos («, y) — 0 

Z* cos (m, x) + Z„ cos («, y) = 0 


on the side surface ; 


(129.3) 


finally, 

Xg, Yi, Z, equal to given functions at the ends, | (129.4) 

i.e., for 2 = 0, 2 = /. » 

The problem, when formulated in the above manner, presents con- 
siderable mathematical difficulties, particularly, if one is nof only 
interested in its theoretical solution, but also in a solution which permits 
effective calculations. 

Fortunately, it has been found that in the majority of practical 
cases it is unnecessary (and even senseless) to consider the problem in 
such completeness. In fact, the actual distribution of the external stresses 
at the ends of the bar is rarely known ; the resultant vector and moment 
of these stresses will be known more or less exactly. In other words, the 
union of forces and couples, statically equivalent to the resultant of the 
forces applied to the relevant end, will be given. 

On the other hand, by Saint-Venant’s principle (cf. § 23), if one is 
dealing with bars which are of great length in comparison with the 
dimensions of the ends, one only needs to ensure that the resultant vector 
and moment of the forces, applied to the ends, will have given values; 
the actual stress distribution at the ends, however, will have negligible 
influence on those parts of the beam which are not close to the ends. 

Thus there appears to be a rather wide choice of solutions. This 
arbitrariness may be used to simplify the problem in the following 
manner: one may prescribe beforehand the form of the solution which 
must, however, be sufficiently general so that one can obtain on the ends 
of the beam a stress resultant, statically equivalent to that given (“semi- 
direct method” of Saint-Venant). 

In this connection it is only necessary to consider one of the ends. 
In fact, having given the resultant vector and moment of the forces, 
acting on one of the ends, these quantities will also be determined foi 
the other end, since the sum of the forces, applied to the ends, must be 
statically equivalent to zero (i.e., it must satisfy the equilibrium condition? 
of the body as a whole). On the other hand, each solution of the equation? 
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(129.1) always gives a stress distribution on the surface of the body which 
is statically equivalent to zero (cf. end of § 20). 

The complete theoretical solution of the problem with the above simpli- 
fication and its application to a number of technically important cases 
is mainly due to Saint-Venant. 

Saint-Venant’s results are studied in his two extensive memoirs 
[1,2] and in a number of other publications, in particular, in the lengthy 
notes in the French translation of A. Clebsch’s book [2]. 

A. Clebsch (1833—1872), who was considerably younger and died 
earlier than his contemporary Saint-Venant, gave a very strict solution 
of a problem which is of interest here (A. Clebsch [1,2]); he showed 
that, if one introduces beforehand the condition 

X^=Yy — Xy~0 in the region V, (129.5) 

there remains just sufficient arbitrariness to satisfy the conditions at 
the ends and on the side surface, and that this condition leads to the 
.solution, obtained by Saint-Venant by another lengthier method. Clebsch 
called the problem of the determination of the elastic equilibrium of a 
cylinder (with unstressed side surface) under the supplementary con- 
ditions (129.5) the “problem of Saint-Venant”. 

The condition (129.5) obviously has the following physical meaning: 
if one imagines the given cylinder to consist of a number of longitudinal 
“fibres” (i.e., thin longitudinal prisms), the.se fibres exert neither direct 
nor shear forces on each other in transverse directions (i.e., the fibres may 
only exert on each other cohesive forces in the longitudinal direction) . 

If (129.5) is satisfied, the conditions (129.3) on the side. surface ob- 
viously reduce to 

Zy, cos («, x) -f Zy cos («, y) — 0, (129.3') 

because the first two conditions of (129.3) are automatically satisfied. 

The method of Clebsch will not be studied here (it can be found, for 
example, in A. G. Webster [1] and also in 1. Todhunter and K. Pearson 
[1]); a less strict, but simpler method will be applied instead which 
agrees, in essence, with that used by A. E. H. Love [ 1] , Chaps. XIV and XV. 

It should still be noted that the results of Saint-Venant may be 
obtained by beginning from the following formulation of the problem 
which is due to W. Voigt (cf. A. E. H. Love [1], Chap. XVI): To find the 
elastic equilibrium of the cylinder under consideration on the basis of 
the supposition that the stress components are linear functions of z. 

Consider, for definiteness, the forces applied to the upper end. The 
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union of these forces is statically equivalent to a force, applied to some 
(arbitrary) point O', and to a couple. The point of intersection of the Oz 
axis with the upper face will be chosen as the point O'. The force may be 
divided into two components: one in the Oz direction and the other at 
right angles to the Oz axis. The couple may be decomposed in the same 
manner: the moment of one of its components will be taken parallel 
to the axis Oz (“twisting couple”), while the moment of the other will 
be in the plane of the end (“bending couple”). I 

Correspondingly, the problem may now be divided into the following 
four component problems: \ 

a) torsion by couples, acting in the plane of the ends; \ 
h) extension (or compres.sion) by longitudinal forces, applied\ to the 
ends; 

c) bending by couples the plane of which is perpendicular to that of 
the ends; 

d) bending by transverse forces, applied to one of the ends and acting 
in its plane (one must, of course, in consequence apply to the other end 
a force which is equal in magnitude and opposite in direction to the 
above; the same is true with regard to the couple, in order that the entire 
system of forces be in equilibrium). 

It must be remembered that in the subsequent work one is not dealing 
with concentrated forces and with pairs of concentrated forces, but 
with forces and couples which are statically equivalent to certain stresse.'- 
distributed over the ends. 

§ 130. Certain formulae. In order to facilitate future reference, 
it will be recalled that the equations (129.2) may be replaced by tht 
following which are equivalent to them (§19): 

du \ dv I 

_ = _ [X. - o(y„ + Z,)], a{Z, + X.)], 

dw 1 

J [Z. - + y.)], 

(i30.i; 

dw ^ dv 2(1 + ®) V - du ^ dw 2(1 -(- ®) 7 

dv du 2{\-\-e) 

dx^ dy E ** 
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where E is Young’s modulus and 
to X and (juby the formulae (§ 19) 

_ (a( 3X + 2(i) 

X= 

(1 +« t )(1 - 


<T Poisson’s ratio which are related 


2(X + (x) ' 

E 

2 ^ ’ ^ ^ 2(1 + a) ■ 


(130.2) 

(130.3) 


Finally, the compatibility equations of Beltrami-Michell (§ 22) will 
be reproduced which in the present case, with absence of body forces, 
have the form 


1 + ^ 

020 

' 

-0, 

Ay. + - 

1 

1 + (T ‘ 

020 

dydz 

= 0, 

bhZ^ + -- — — . 
1 + a 

020 

'fe2‘ 

= 0, 


1 

\ G 

020 

dz8x 

= 6, (130.4) 

av. + t~- 

1 + a 

020 

-0, 

az.-f 

1 

020 

= 0, 

0y2 

1 + (T 

dx8y 


where 

0 = X. + y, + Z,. (130.5) 

Each set of functions X^, . . . , X^, satisf)dng these conditions (which 
will, in future, be simply called compatibility conditions) and the equa- 
tions (129. 1), gives a certain possible stress distribution in the body (under 
the requirement of single-valued displacements). 

In the sequel, the set of equations (129.1) and (129.2) will be called static 
equations of an elastic body, while the equations (129.1) will, as before, 
be called equilibrium equations. 


§ 131. General solution of the torsion problem. The solution of 
the component problems will now be considered and a beginning will be 
made with the problem of torsion. 

Let the coordinate axes be as in § 129. The coordinate system will be 
assumed to be right-handed. Let the forces, applied to the ends, be 
statically equivalent to a twisting couple, i.e., to a couple with moment 
vector at right angle to the plane of the ends. Let M be the (scalar) 
moment of the couple, acting on the upper end (M > 0, when the couple 
tends to twist counter-clockwise, looking upwards, since, by supposition, 
the coordinate system is to be right-handed). 
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The first idea to enter one’s mind is that all transverse sections of the 
cylinder will remain plane and that they will twist (in their own planes) 
about the Oz axis by some angle e. If the lower end is restrained from 
moving, it is natural to assume that the angle e is proportional to the 
distance z of the section under consideration from the lower end, i.e., 

e = TS (131.1) 

where t is a constant which measures the angle of relative (twist of 
cross-sections, unit length apart. For this reason, t is called the relative 
twist. ' 

Under the present suppositions the displacement components \will be 
given by 

u = — zy — — xzy, v = rzx, w — 0 

(since an infinitely small rigid rotation through an angle e in the Oxy 
plane about the origin leads to u — — zy, v — zx). Calculating the 
stress components from these displacements, it is easily seen that the 
equations (129.1) will be satisfied; however, it is also readily verified that 
the conditions (129.3) may not be fulfilled, unless one is dealing with 
a circular cylinder (this will become obvious on the basis of the later 
work). It is therefore clear that a too restrictive hypothesis has been 
introduced. 

The following investigation will now be based on the assumption (which 
will be found to be successful) that the cross-sections do not remain 
plane, but that they warp (and that all cros.s-sections warp in an iden- 
tical manner). 

This supposition obviously leads to the following expressions for the 
displacement components: 

u = — xzy, V = xzx, w = T(p(x, y), (131.2) 

where t is a constant (relative twist) and <p(*, y) is some function oi 
X, y, to be determined later (the factor t has been introduced into the 
expression for w simply for the sake of convenience). 

The formulae (129.2) give for the stress components, correspondinp 
to the displacements (131.2), 

y, = = = 0. (131.4; 


and 
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Substituting these values in the equations (129.1), one sees that they 
will be satisfied, provided 


d^cp 


(131.5) 


In other words, 9 must be a harmonic function of the two variables x, y 
in the region, occupied by the body; since 9 does not depend on z, it 
is, of course, sufficient to consider any cross-section S of the cylinder. 

Further, the condition (129.3') (expressing absence of external stresses 
on the side surface) takes the form 

( cos (m, x) + ^ -I- cos [n, y) = 0 on L, 


where L denotes the boundary of the region S and n the outward normal 
to L (i.e., the normal, directed outwards from S). Noting that 

^9 do d(D 

- cos («,*)+ -- cos 

one obtains finally the boundary condition in the following form; 
d<p 

— = y cos (m, x) — X cos («, y) on L. (131.6) 

an 


Thus the function 9 which is called the torsion function must satisfy 
the following conditions: it has to be single-valued (because otherwise 
w would be multi-valued and such multi-valued displacements will not 
be considered here) and harmonic in 5, and on the boundary of this 
region its normal derivative must take a previously given value, in fact, 
the value 

y cos {n, x) — x cos («, y). 

The problem of finding 9 is thus a particular case of one of the fun- 
damental problems of potential theory — "the Neumann problem" 
— which has already been mentioned in § 77. 

It may be shown that 9 is determined under the stated conditions, 
apart from an arbitrary constant. This constant is unimportant, because 
substitution of ,9 c for 9 will not affect the state of stress, as is clear 
from (131.3), but only cause a rigid translation of the bar in the direction 
Oz\ this last fact follows from (131.2). 

The known condition for existence of a solution of the Neumann problem (that 



568 


VII. EXTENSION, TORSION, BENDING 


§131 


the integral of the given value of the normal derivative, taken around the entire 
boundary, must vanish) is satisfied here [cf. (132.3)], because 

f [y cos (n, x) — x cos (n, y)]d5 — j (y dy x dx) ~ / di{x^ 4- y®) 

L L L 


is equal to zero. 

The complete solution of the more general case of a compound bar will be given 
in § 140. 


Further, (131.3) and (131.4) show that the ends of the bar arje only 
subject to tangential stresses. y 

It is easily shown that, if 9 satisfies the above conditions, the resultant 
vector of the stresses is equal to zero, i.e., \ 





(131.7) 


This result will be proved in § 144 for a more general case. 

The resultant moment of the external stresses, applied to the upper 
end, will be given by 

M = I I {xY^ — yX^)dx dy iir j j (^x^ + y- + x — y dx dy, 

L L 

I.e., 

M xD, (131.8) 

where 

D — \i x^ + y^ + X y - - ) dx dy. (131.9) 

dy dx / 


The formula (131.8) shows that the torsion moment is proportional to 
the relative twist t. The coefficient of proportionality D is called the 
torsional rigidity. It is seen to be the product of the shear modulus (x and 
a quantity which only depends on the shape of the cross-section, and 
not on the material. 

Once the torsion function <p has been determined, the constant D 
may be calculated. It will be shown below that D is essentially positive. 
Therefore the constant t will be given by (131.8) for a given couple, i.e., 
for a given value of M, and the problem is solved. 

It only remains to prove that D > 0. This result is most simply dc- 
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duced by an investigation of the potential energy, stored in the twisted 
bar. In fact, it is known that this energy is given by (cf. Note at the 
end of § 24) 

= i / / {X„U 4- Y„v + ZnW)dS, 

where the integral must be taken over the entire surface of the bar. 
However, in the present case, the integrand vanishes on the side surface 
and on the lower end, so that there only remains the integral over the 
upper end, where (since z = 1) 

u==-~xly, V — -zlx, X„ = X^, y„ == Y., Z„ = Z, == 0; 
hence 

U^i 1 1 {uX, + vY:)dx dy = “ / / {xY, ~ yX,)dx dy = - 

and, since in the presence of deformation [7 > 0, one finds D> 0 and the 
above assertion is proved. 

This result may also be proved directly. In fact, applying Green's 
formula and using (131.6), one obtains 



/ <p{y cos (w, x) ~~ X cos {ft, / 9 ds. 

J " dn 

L L 

However, one has by a known formula for every harmonic function cp 

L S 

I'hus one finds from above 


0 =(/■{« 




Multiplying this equation by jx and adding it to (131.9), one obtains 
D = Iijj {[- - y] + [_-J- + X~^}dx dy. (131.9') 


and hence the assertion follows. 
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If one had I) — 0, this would imply 

c)(p dtp 

Tx' 'ey ~ 

throughout 5 ; however, this is impossible, because y dx — x dy is not a perfect 
differential. 

NOTE. 1. One may obviously add to u, v, w, respectively, terms 
of the form 

V. qz ~ ry, ^ rx — pz, y + py — qx, 
expressing rigid body motion, without affecting the state of stress, 

NOTE. 2. Since the above work was based on the formulae (131.2) 
the first two of which express rigid rotation of the cross-section about 
the axis Oz, it may be shown that a new .solution of the problem is obtained 
by replacing this axis by another one, parallel to it. In fact, let Oi(«, h) 
be the point of intersection of the new axis with the plane Oxy ; then 

«! = — xz{y — b), Vi = Tz(x — a), Wi = x^i{x, y), (131.2') 

where u^, v-^, w-^ are the displacement components and is the torsion 
function, corresponding to the new position of the a.xis. The corresponding 
stresses will be given by 

ay + ^ '*)• (131.3') 

As above, it may be shown that is harmonic and that it satisfies 
on L the condition 


dn 


(y — b) cos (m, x) — {x — a) cos (n, y) = 


= y cos («, x) — X cos («, y) ~ b cos («, x) a cos (m, y) 
which may obviously be rewritten 
d 


dn 


(*Pi -V bx — ay) = y cos («, x) — x cos («, y). 


Thus, the harmonic function cp^ — ay must satisfy the same con- 
ditions as the function 9 , whence it follows that these two functions 
may only differ by a constant, i.e., 

(p^[x, y) — <p(x, y) ay — bx + const. 


(131.10) 
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Thus, by (131.2) and (131.2'), 

xhz, Vi~ V — raz, Wi = w ray — rbx + const. (131.1 1) 

The terms by which [u, v, w) differs from (m^, Vi, only express rigid 
body motion and therefore do not affect the stresses; this is likewise 
readily verified directly from (131.3') which give the same values as 
(131.3). 


§ 132. Complex torsion function. Stress functions. It is at times 
more convenient to introduce instead of the torsion function ^{x, y) its 
conjugate harmonic function 4'(^, y) which is related to cp(x, y) by the 
Cauchy-Riemann equations 


8'^ 8(p 8<li 

8x 8v 8y dx 


(132.1) 


The boundary condition (131.6) is easily expressed in terms of the 
function (p- 

For greater generality, it will be assumed that the bar under con- 
sideration may contain longitudinal (likewise cylindrical) cavities so 
that the boundary L of the region can consist of several simple contours 
Lj, Lj. • • •> the last of which surrounds all the others (cf. Fig. 14, 
§ 35). 

Let t denote the tangent to one of the contours L* in the positive 
direction (i.e., leaving S on the left). Then 


cos («, x) ~ cos (t, y) 


dy 

ds’ 


cos («, y) — -- cos {t, x) ~ — 


dx 
ds ’ 


where s is the arc of L*.; it thus follows, by (132.1), that 

dtp dtp dtp dt^ dx d^ dy d’^ 

dn dx dy dx ds dy ds ds 


I.e., 


dtp d'\i 

dn ds 

dx 

y cos {n, y) —■ X cos (», y) — x — -F y 


In addition, 


dy d 

ds ds 


(132.2) 


i(x2-t-y*). (132.3) 
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§ 132 


Hence (131.6) takes the form 


whence it follows that 


di, 

ds 


ds 


i(x^ + y*). 


'J' = + y^) + Cu on Lfr, (132.4) 

where C^. are constants which may have different values on the dif- 
ferent Lfc. 

A function (f*, conjugate to a given single-valued harmonic function, 
may, in general, be multi-valued (cf. Appendix 3.). However, in \the 
present case, this cannot happen, because by (132.4) the function 
reverts to its original value for a circuit of any of the contours L^. 

It is known that the function <p is determined, apart from an ar- 
bitrary constant, and hence its derivatives will be fully determined; 
it follows from this that tj/ is defined by (132.1), apart from an arbitrary 
constant. 

It is thus .seen that the constants Cj, ...,C„+i in the boundary 
conditions (132.4) may not be fixed arbitrarily. Only one of these constants 
may be fixed in an arbitrary manner, i.e., one may, for example, pur 
= 0; all the remaining constants must then have completely 
determined (initially unknown) values. 

As one may dispose freely of one of the constants C^, it is clear that one will be 
justified in adding any arbitrary constant to the function ij;. 

It will now be assumed that the constants Cj. have been given some defi- 
nite values. In that case the problem of determining 4* coincides with the 
problem of finding a harmonic function for given values on the boundary, 
i.e., the “Dirichlet problem” which has already been discussed in § 62 
(Note) and in § 77 and which is known to have always a unique solution. 
Having found 4^, the function cp may be determined from (132.1). How- 
ever, if the constants are chosen in a haphazard manner, the function 
f may be found to be multi-valued. Thus, the constants C* mtist be de- 
termined from the condition of single-valuedness of the function <p(x, y) ; as 
stated earlier, one of these constants may be fixed arbitrarily. 

In the case of multiply connected regions it is therefore, generally 
speaking, more convenient to operate directly with the function <p rather 
that with 4'- 

In the case of simply connected regions, bounded by one simple 
contour L, single-valuedness of the function <p will be automatically 
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ensured; only one constant which may be fixed arbitrarily will enter 
into the boundary condition. In this case it is often more convenient to 
operate with the fimction 4 *. 

It is often also very convenient to consider the function F{ 3 ) of the 
complex variable 5 = x + ty, defined by 

F(3) = 9 + (132.5) 

where 9 is the torsion function and its conjugate function. The function 
Fis) will be called the complex torsion function. It is obviously holo- 
morphic in the region S. 


By (131.3) 



whence, in the customary notation used earlier, 


X, - iY, txT{F'( 5 ) - is). (132.6) 

It is also convenient to use the so-called stress fimction, defined by 
Y{x, y) ^ 4/(;t, y) -l{x^ + y ^) ; (132.7) 

in terms of this function, the stress components are given by 

aT aT 

Xz = - 7 ,- - • (132.8) 

Oy OX 

The function T is not harmonic, since it obviously satisfies the equation 

AY = - 2. (132.9) 

It satisfies on the boundary the conditions 

Y = C* on L* (* = 1, 2 m), (132.10) 

where C*. are the same constants as in (132.4). 

1 he curves, defined in the plane of the cross-section S by the equations 

Y(j;, y) = const., ^ (132.11) 

are the „lines of shear stress”, i.e., the lines whose tangents have at 
every point the direction of the stress vector (X,,, Yg), acting on the 
corresponding element of S. This is a direct consequence of (132.8). The 
boundaries of the region are always stress lines, as is, of course, obvious 
a priori. 

From the practical point of view, it is of great interest to find those 
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points of the cross-section, where the magnitude of the resultant shear 
stress 

T=VlCi+~^ ( 132 . 12 ) 

has a maximum, because it is at these points that failure of the material 
will begin. 

It is easily shown that these points lie on the boundary of the region. 
In fact, 




Using (132.9), it is readily seen that 

+Kw}' 

and hence that A(7'2) > 0 throughout the region. On the basis of a 
well known theorem (cf. below), it then follows that the function 
may only attain its maximum value on the boundary, as was to be 
proved. 

One may not have the equal sign in the above inequality, since, by (132.9), at 
least one of the quantities must have a modulus not less than 

unity. Incidentally, it may be shown by a simple reasoning that A(r®) > 

If some function I/, having continuous second order derivatives in a region .S, 
satisfies the inequality At/ > 0, this function can only attain its maximum value 
on the boundary. In fact, let it be supposed that U has its highest value at sonu* 
internal point y^). Describe, with this point as centre, a circle y of sufficiently 
small radius so that dU (dn < 0, where n is the outward normal to the circle. On the 
other hand, b}'^ Green’s formula. 


fdu r 

1-^- . ds ^ / AI7 dx dy, 
J dn J 


where <5 is the area inside y- Since AC/ > 0, one is led to a contradiction, and hence 
the assertion is proved. 

§ 133. On the solution of the torsion problem for certain par- 
ticular cases. It has been seen that the torsion problem may either 
be reduced to the Neumann problem (for 9) or to the Dirichlet problem 
(for 4^ ; in the case of multiply-connected regions, the constants C * must still 
be determined from the condition of single-valuedness of 9; cf. the 
preceding section). For this reason all the known, well developed methods 
of solution for the Neumann and Dirichlet problems may be applied. 



CHAP. 22 TORSION AND BENDING OF HOMOGENEOUS BARS 575 

In addition, in view of the special simplicity of the boundary values 
of t}/ or drpidn, one may fall back successfully on particular methods, 
designed for the present problem. 

Saint-Venant himself solved and studied in detail (by constructing 
tables and graphs) the torsion problem for a large number of cross- 
sections of different shapes which are of practical interest. He obtained 
solutions for many cases (ellipse, equilateral triangle, etc.) by very 
simple means. For the case of the rectangular section, he gave a solution 
in the form of a rapidly converging series. 

The reader should consult Saint-Venant [ 1 ] and also the small book 
on the theory of elasticity by A. N. Dinnik [ 1 ] which is specially devoted 
to the torsion problem, where the solutions for a large number of 
cross-sections may be found. See also the book by T. Todhunter and 
K. Pearson [ 1 ] and B. G. Galerkin [ 1 , 2J ; in the first of his papers, Galerkin 
gives the solution for a section, represented by an isosceles right-angled 
triangle. Finally, one may also find remarks on approximate and ex- 
perimental solutions in the book by A. N. Dinnik [ 1 ]. 

Only the (almost obvious) solution for the case of a circular or annular 
circular section will be quoted here. If the origin is placed at the centre, 
one has clearly : y cos {n, x) —x cos («, x) = 0 on the boundary. Therefore 



dn 


on the entire boundary. Hence 9 — const., and one may take 9 = 0 . 
I'he displacements and stresses are then given by 

— xzy, V = TZX, w — 0, (133.1) 

X._ pry, y* = pT.r (133.2) 

(the remaining stresses being zero). It is thus seen that in this case 
transverse sections remain plane, unlike in the other cases. 

By (131.9), the torsional rigidity is given by 

y^)dx dy — p/, (133.3) 

where 1 is the polar moment of inertia of the cross-section about the 
centre. In the case of a circular section with radius R, one has thus 





(133.4) 
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while in the case of the circular ring 

I “ y - «!). 

where and are the inner and the outer radii. 


§ 134 


(133.5) 


§ 134. Application of conformal mapping. 

The results of this section were given in the Author's papers [12, 13]. A detailed 
study of these results with several new applications is given in the book by I. S. So> 
kolnikoff [1]. 

The torsion problem may be considered solved, if one has been able 
to map the region 5 on to the circle (where, of course, S must be a simply 
connected region). In fact, let 

3 A- + ly =- to(Q (134.1) 

be the function, mapping .S on to the circle | ^ 1 < 1 whose boundary, as 
always, will be denoted by y. 

If the complex torsion function F{5), expressed in terms of is given 

by 

9 + = F(3) - m), (134.2) 

the function /(^) will be holomorphic inside y. The real part of the 
function 

\ m = 'I' - *9 (134.3) 


will satisfy on y the following boundary condition [cf. (132.4)]; 

(J; = i(a;* + y2) const. = X53 const., 
or, by (134.1), 

= ici)(er)to(«T) on y, 

where a = denotes points of y; the arbitrary constant has been 
justifiedly omitted. 

However, in an earlier Part of this book, a formula has been deduced 
which permits to find a function, holomorphic inside y, when the boundary 
value of its real part is known. In fact, by (77.5), 

t m J 2(a — 
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m + const., 

27c J a — Q 
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and the problem is solved. 

If is 2 i rational junction, then a>((i)w(cT) = a)((T)co(l/a) will likewise 
be a rational function of a. The integral on the right-hand side of (134.5) 
is, in this case, easily calculated by use of the residue theorem and it ob- 
viously leads to a rational function in so that the solution will be 
expressed in terms of elementary functions. 

In general, if the expression 6)(CT)co(l/a), considered as a function of <t, 
is an analytic function inside (or outside) y, continuous up to y and has 
inside (or outside) y a finite number of poles, then the integral on the right- 
hand side of (134.5) may be directly evaluated by means of the residue 
theorem. 

riie torsional rigidity D may be calculated from a simple formula 
wliich will now be deduced (see the Author's papers [12,13]). One has 
(§ 131) 

n = yi II (x^ + y^)dxdy + jx I j a: ( ^ - y dxdy = |x/ + (xZ>o. (134.6) 

S *S’ 

where I is the polar moment of inertia of 5 about 0 and 

'.IJ '.[( i Jy i 


s s 

Applying Green's formula, one obtains 


„ = _ ^ (y.(xdx + ydy) = — / (134.8) 

L L 

where L is the boundary of the region. 

Noting that on the boundary = 33 = a>((T)to(<y) and that 

9 = i[/(<T) + /(®)]. 

one may rewrite (134.8) 

£>0 = - i / {/(«) +W)}d H<y)^)}- (134.9) 


Ihoory of Elasticity 


37 
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§ 134a 


If ti>(Q is a rational function, /(Q will likewise be a rational function 
(see above) and hence also /(l/u), « (l/u) will be rational, so that the 
preceding integral is easily evaluated in closed form, using the theorem 
of residues. 

In this case it is sometimes convenient to transform also the expression 
for 


= Ij + y^)<ix dy (x^) + (xy2) j dx dy 


I xy{xdx — ydy). 


Noting that 


3+3 3—3 

X = y z= 

2 ^ 2i 


it is readily seen that 

( 3 * - 5 ®) {3^3 + 3d'S)- 

L 

However, 


j f^3 = 1 3^d3 = 0. 1 3^3d3 = j 3^d{i3^) = - / 3 ‘^ 3<^3 

L L L L L 


(where the last relation is obtained by an integration by parts). Thus 
I = j '5^3d3 = 4^ ^ w(c)(io)(CT). (134.10) 

L Y 

If to(Q is a rational function, formula (134.10) permits calculation of 1 
in closed form by elementary means. 

In the case of doubly connected regions, the torsion problem is likewise 
easily solved, provided the function <x>{Q is known which maps this 
region on to the circular ring. In fact, in this case the problem is reduced 
to the determination of a function /(Q, holomorphic inside the ring and 
satisfying the following boundary conditions: 

+ Cl on Yi, 

% 


9t“/(C) = + C, on y 2 . 

% 


( 134 . 11 ) 
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where Yi. Ya 3^® the circles, bounding the ring, and Cj, are two real 
constants one of which may be fixed arbitrarily. One thus arrives at 
the problem solved in § 62 (Note). 

In the present case, the function (l/a) /(Q plays the role of F{X,) and in 
the expansion (62.7) (where z must be replaced by JJ) one has to put 
A = 0, because /(C) would otherwise be multi-valued. For the functions 
and /g(^) of § 62 one has now 

^o)(pie*‘»)w(pie'*^) -f Cl, ico(p2e'»H^) -f C^; (134.12) 

Pi and p 2 denote here the same quantities as and in § 62. If one 
writes Cg = 0, then the constant Ci will be determined by (62.9). 

Having found /(^), the stresses may be calculated either in terms of 
the old coordinates x, y or in terms of the curvilinear coordinates of 
§ 49 which are related to the conformal transformation. 


Let T denote the vector of the shear stress, acting at some point of 
the cross-section S, and X^, Y, its components in the Ox, Oy directions. 
The projections of this vector on the axes (p), (9-) of the curvilinear 
coordinates will be given by (49.4) which has the conjugate complex form 

(Aj ^Yj) 

P I “ (0 I 

or, substituting for X, — iYg from (132.6) and noting that 


dF _ df 
d3 ds ' co'(5) 


one deduces finally the very simple and convenient formula 

- iT^ = - v^„r7 {/'(Q - (134.13) 

p I « (Q I 

On the boundary of the region = 0, so that the preceding formula 
determines directly the boundary value of the shear stress and, in 
particular, the maximum value of this quantity. 


§ 134a. Examples. The method of the preceding section will now 
be applied to certain particular cases. 

I®. Epitrochoidal section. Let the section S be bounded 
by the epitrochoids, considered in § 48,3° (Fig. 23). Then 
5 == = 6(C" + dQ (» an integer > 1, 6 > 0, a > «), (134.1a) 

where, in the notation of § 48, & == Rm, m = 1/a. 
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§ 134a 


Formula (134.5) gives (on replacing a by I/ct) 
m = j 6-(.* + «o) + const. = 

jn-1 J (j 


— r / ( 1 4- 
2m j\ 




<i(7 


i: 


4- const., 


whence, by (70.3), 

m = (134.2fl) 

(the arbitrary constant having been omitted here), and the problem 
is solved. 

By (134.13) one obtains for the stress components T^, \ 

V + a?) («^"-^ - a) 


or, putting ^ — pe'* and separating real and imaginary parts. 


T 

\ixab^{n — (1 — p^) sin 

(n — 

1)0- 

“'p 

1 <»'(C) 1 


. ^ 


ap»-2[« _ 1 — (n+ l)p*] cos (n — 

i)& - 

- I^p2n~l _ ^2p 

J ^ — jxxo 

1 <»'(Q 1 



where 





/w'(!:)<o'(!;) = 6)/«V”-2 4- 2a«p"-i 

cos {n 

- 1)» 4- 


On the boundary (i.e., for p = 1) one has Tp = 0 and 

« 4- 2a cos (n — 1)5' 4- 

T =T^= y-tb — r-crr- . 

Vn^ + 2an cos (n — 1)0- + a® 


If « < a, i.e., if the contour has no angular points, the maximum value 
of T occurs at those points of the boundary where cos(« — 1)9^ — — 1 ; 
these points are closest to the centre. The maximum value of T there 
is given by 

— 2a 4" ^ 

'T' 1 . ' 


If a -> w, Tmax boundary with angular 

points, as shown in Fig. 23, the stress T„ax becomes infinite at those 
points. 
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The torsional rigidity is easily obtained from (134.9) and (134.10) 
which give 


D = 


(A7t6* 

'~2" 


(«* + 4a^ + n). 


2°. B o o t h’s L e m n i s c a t e. 

The solution of this problem (as well as of all the others, presented in this section) 
were published by the Author in 1929 in the papers, quoted earlier, and reproduced 
in the first edition of this book. Recently (1942), T. J. Higgins published the solution 
of the same problem which he obtained by a more complicated method (cf. I. S. So- 
kolnikoff [1], p. 184.). 

The transformation function for the region, bounded by this curve, 
was stated in § 46,6° (Fig. 27). Changing the notation slightly, one may 
write 

(«>J> ^>0): {I34.3a) 


one then obtains for f(X,) the formula 


/(C) = 


1 r k^a^det 

2tcJ (o^ + «) (1 4- «<!*) (o’ — C) 


The integrand, considered as a function of a, has outside y two simple 
poles; Oj =■ i\/ii and 02 ~ — for large |cj|, it is of order 1 /<t®. 
riierefore, by the residue theorem, 

/(C) = - i(A, + A,), 


where A^, A 2 are the residues, corresponding to the points (Tj, Oj respect- 
ively. One has 


A I j^((T - i^a) --- 




{a^ + a) (1 + aa^) {a — 


:ol 




2/(1 - a*) {iV'a - C) 


similarly. 


k^y/d 


® 2/(1 — a^) (/-v/a + C) ’ 


iak^ 

= \a^ - 1 ) (i:^ -I- a) 


whence, finally. 


(134.4a) 
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§ 134a 


The stress components may be calculated as in the preceding example. 
Only the value oiT = on the boundary will be given here : 

^ ^ + a*) 

(a* — 1 ) Vl — 2a cos 2S- -}- a® 

The maximum value of T occurs for cos 29- 1, i.e., at the ends of the 

minor axis, and it is given by 

_ pTA(a2 + 1) 

~ (a + 1) (« - 1)^ ■ 

One easily obtains for the torsional rigidity 

n == 

3°. The loop of Bernoulli’s Lemniscate. An example 
will now be given of a simply connected region for which is not a 
rational function. 

Assuming | ^ i < 1 , let 

3 = to(C) = aVTTK (« > 0), (134.5a) 

and select that branch of the multi-valued function Vl -f which 
is equal to unity for ^ = 0. In other words (Fig. 57a), 

_ / TT 7C\ 

w(0 == y/ re 2 < 'P ~ 2 ) ■ 



Fig. 57a. !; plane. Fig. 576. J plane. 


As X, describes the unit circle y. 


<P 


2 


( — 7t < S' < 7t) 
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and 


Hence 


r — 2 cos 


~ 2 ' 


5 = 


a)/ 2 


cos 



If R and denote the modulus and argument of 5, then, by the 
preceding formulae, 


R 



2 cos 


a- 

cT’ 


' 1 ' 


a- 

A 


whence 

R — a a /2 cos 2<]^. . (134.6fl) 

Tlius 3 describes one loop of Bernoulli's lemniscate [Fig. 576] and (134.5) 
maps the region inside this loop on to the circle 1 [ < 1 . 

One finds for /(Q 



Y 


/ 1 + or do 
2tz I O — K 


(134.7a) 


where one has to take that branch of the function (1 ^)/V^ which 

is positive on Y, i.e., one must take \/(x = e^. 

The integrand will be single-valued in the region, bounded by y ^-nd 
cut as shown in Fig. 58. Therefore (in the 
notation shown in this figure, where, in 
particular, Yi denotes an infinitely small 
circle) 

2I7 

Y « 3 Vi 

where A is the residue at ct = which is 
obviously equal to ^ 

1 _i_ r 58. 
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§ 136 


By means of a simple transformation of the integrals, taken along a and 
P (the integral over being infinitely small), one finds 


1 

2w' 


rf- 


I H- CP da 
"Va 


1 +i: 




I —t dt 


Vt ^ ^ 


(134.8a) 


whence, omitting an arbitrary constant, 

2ia^ 1 + ^ 


m = 


^-artan y/X,', 


in this formula one must take for 


artan Vq = — r log — 

2 * 1 - 


the branch which is defined by the series 


artan + 


. . = 1 


+ 




The problem is thus solved. 

4°. Confocal ellipses. Eccentric circles. When the 
cross-section of the (complete) cylinder is bounded by two confocal 
ellipses or two (eccentric) circles, the solution is likewise easily obtained 
by transformation on to the circular ring. In particular, the solution 
of the last case may be deduced directly from example 1° of § 140a. 


§ 135. Extension by longitudinal forces. The solution of this 
problem is quite elementary and has, in essence, already been deduced 
in § 19. In fact, if 
jr 

Zt — - (and all other stress components are equal to zero) , ( 1 35. 1 ) 

where F is the magnitude of the given force, assumed positive in the case 
of tension, and S is the area of the transverse section of the bar, then 
all the required conditions will be satisfied. This solution corresponds 
to normal stresses, distributed uniformly over the ends. The resultant 
of the stresses, applied to the upper end, will be equivalent to a force h , 
applied at its centre of area. 
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If the given force is not applied to the centre of area of the end, 
it may be transferred to that point by adding a couple the plane of which 
is perpendicular to the end (i.e., a bending couple). Thus, the solution 
of the problem of bending by a couple, stated in the next section, has 
to be added in this case. 

The displacements, corresponding to the stresses (135.1), are easily 
verified to be given by 


u — 



V — 


aF 

~SE 


y> 



(135.2) 


where any rigid displacement of the bar as a whole may be added. 

The quantity SE, which is the coefficient of proportionality between 
the extending force F and the corresponding extension of the bar, may 
be called the rigidity of extension {compression). 


§ 136. Bending by couples, applied to the ends. In this case the 
solution is also quite elementary. 

In accordance with established custom, the bar Avill be placed ho- 
rizontally with the Oz axis running from the left to the right and the 
Ox axis vertically downward, as shown in Fig. 59 (where the Oy axis 
is not shown ; it is directed away from the reader, because the coordinate 
system is to be right-handed). 

The ends which were formerly called “lower” and “upper” will now 
be called “left” and “right” respectively. In addition, it will be assumed 
that the point 0 lies at the centre of area of the left end, so that Oz is 
the “axis of centroids”, i.e., the locus of the centroids of the cross- 
sections. 

An attempt will now be made to satisfy the conditions of the problem 
by writing 

Z, = ax, Y, - y* - = = 0. (a) 

These values obviously satisfy the equations of equilibrium and of 
compatibility (§ 130). It will now be investigated whether the stresses, 
applied to any transverse section (from the right), are statically equi- 
valent to a bending couple. 

Clearly, if the forces which are applied, say, to the right end are equivalent to 
a couple, then the forces, applied from the right to any section, must be equivalent 
to the same couple. 
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The resultant vector of these forces is equal to zero, since 


I j dxdy — a j j xdx dy — 0; 


s s 

the last integral vanishes, because the origin lies at the centroid of 
the section S. 



The resultant moment of the above-mentioned forces about an axis 
through the centre of area of the section and parallel to the axis 
Oy is 

M = — I I Z^x dxdy — — a j j x^ dxdy — — al, (b) 


where I is the second moment of area of the section 5 about the axis Oy. 

Finally, the resultant moment of the forces about the axis passing 
through the centroid of the section and parallel to Ox is equal to 


If 


j I Z^y dxdy — a 1 1 xydxdy. 
s s 

^ I xydxdy = 0, 
a 


(c) 


i.e., if the coordinate axes Ox, Oy are principal axes of inertia of the 
section S (with regard to its centroid), then the moment (c) is equal to 
zero and the forces are equivalent to a couple with moment vector 
parallel to Oy and determined by (b). For a given value of M the constant 
a is determined by 


M 
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Let it be assumed that the coordinate axes have been chosen in the 
stated manner. In that case the solution has been obtained of the problem 
of bending of a bar by couples, applied to the ends, whose moments 
are parallel to one of the principal axes of inertia of the section with 
regard to its centre of area. 

The above results will now be summarized. Let a couple with vector 
moment, parallel to one of the principal axes of inertia of the end with 
regard to its centroid, act on the right end of the bar. If one takes as axes 
Ox, Oy the principal axes of inertia of any cross-section, e.g. of the left 
end, and directs the axis Oy parallel to the moment of the couple, then 
the solution of the problem of bending is given by 

z. = y, = y, = z* = x* = o. (i36.i) 

In these formulae I denotes the moment of inertia of the end-section about 
the axis Oy and M is the magnitude of the moment of the couple (which 
is positive, if the moment is directed along the axis Oy). 

It is readily verified by direct substitution that the displacements, 
corresponding to these stresses are; 

u == (2® -f ax- — <Ty2), V =r axy, w = — (136.2) 

terms, expressing rigid body displacements, may be added to these 
formulae. 

The plane x — 0 is a “neutral plane”: fibres, lying in this plane, 
will neither be stretched nor compressed. Fibres, lying to one side of 
this plane, will be extended, while those on the other side will be com- 
pressed. 

The normal stresses are distributed over the cross-section according to 
the linear law, expressed by (136.1); cf. also Fig. 59. 

The points of the “central fibre”, having before deformation the 
coordinates (0, 0, z), will move to points with coordinates (^, t), Q, where 

> 1 - 0 , r. = !-. (136.3) 

this is easily seen from (136.2). 

Thus the central fibre remains in the plane Oxz which is therefore 
called the plane of bending. In the present case it is parallel to the plane 
of the bending couple. The radius of curvature R of this line (after 
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deformation) is determined (apart from small, higher order terms) by 

R ~ dz^ 

(where it will be assumed that J? < 0, if the 
hence one obtains the important relation. 

1 _ M 
R ~ ~EI 

which expresses the so-called law of Bernoulli-Euler : the curvature 
of the central fibre is proportional to the bending moment. The quantity 
El is called the flexural rigidity. Since a constant value had been obt5p,ined 
for R, the central fibre in its deformed state will repre.sent a ciipular 
arc of radius R which must be assumed very large in view of the assiimed 
smallness of the deformations ; in fact, the quantity 1 jR must be of the 
same order of smallness to which the deformations are restricted. 


curve is convex downward) ; 

(136.4) 


The relation 1/J? = used above is based on the following reasoning; by a 

well known formula, 


1 

K 




- r(l 4 



I' 5'* 4 



where accents denote differentiation with respect to 2 . In view of the smallness of 
the deformations, all but the first term of this expansk>n may be omitted and the 
stated result is obtained. 

In actual fact, the equation of the curve of the central fibre is given by 




2R 


which is a parabola; however, the difference between this curve and the circk* 
with radius R is a second order quantity. 


Points, lying before deformation on the normal to the section z - ■ c, 
move as the result of the deformation to points (^, where, in particular, 

by the last of the formulae (136.2) 

M ( x\ 

Replacing on the right-hand side x by ^ which is justified in view of 
the smallness of 1 jR, one finds 
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this is the equation of the plane, perpendicular to the plane of bending. 
Thus, normal sections remain -plane. 

If the moment of the bending couple is not directed along one of the 
principal axes of the cross-section, this couple may always be decom- 
posed into two each of which satisfy this condition, and the solution 
of the problem will be obtained by superimposing two solutions of 
the stated form. In this general case the plane of bending does not co- 
incide with the plane of the couple ; however, in this case also it is per- 
pendicular to the neutral plane which will again exist. It will be left to 
the reader to prove this simple property. 

§ 137. Bending by transverse forces. Let the coordinate axes be the 
same as in the preceding section, i.e., select as origin the centroid of 
one of the ends (“left end”), and let the Ox, Oy axes be parallel to the 
principal axes of inertia of this end about its centroid. Let the forces, 
acting on the right end, be equivalent to a force W, applied at its 
centre of area and directed parallel to the axis Ox (Figs. 60a, 60b}. The 



Fig. 60a. Fig. 606. 


resultant moment M of the forces, applied (from the right) to any section^ 
which is a distance z from the left end, about the axis through the centroid*^ 
of this section and parallel to Oy is obviously given by 

M = W{l-z). (137.1) 

where I is the length of the bar. 

If only a couple with moment M were acting on the section under 
consideration, one might, on the basis of the results of § 136, write 



where I is the moment of inertia of the section about the axis, parallel 
to Oy and passing through its centroid. 
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An attempt will now be made to satisfy the conditions of the problem 
by writing 

M Wa - z)x 

-—x= — - z - ~'- . (137.2) 


However, it is clear that one may not now assume that all the remaining 
stress components vanish, because in that case the forces, acting at 
the cross-section, might not give the resultant vector W, acting in the 
plane of the section. However, let it nevertheless be assumed that 

= = Xy = 0. (137.3) 

Substituting these values in the equations (129.1), one obtains ^ 


ex, dY, 

'Tx' 


(137.4) 


It follows from the first two of these equations that X^, Y* do not 
depend on z. Equation (134.4) may be rewritten 




whence it follows that 


(137.5) 


where is some function of x and y. Substituting the expressions for 
the stress components in the compatibihty equations (130.4), one sees 
that the first, second, third and sixth of th^ equations are satisfied 
identically, while the two remaining ones give 


(1 -H a)I 


whence 


ACi= - 


(1 -f a)I 

where -J- 2 (j,t denotes some constant. 


(137.6) 
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Noting that 

{- wha + (' - 1) t] - f <*’ + ’”>} ' 


one may write 

Wy 

(iT'orK 

2(iT, 

2(1 + ('- 2 ) 1 } 


(137.7) 

where is a harmonic function. 



If denotes the harmonic function, conjugate to ([/j, i.e., the function 
for which 

^9l ^9i 



dx by * by 

bx 


then obviously (137.5) may be written 



^ a-p, w { 

2(1+„iTF“’ + < 

acp, W{2 + a) 

- ‘2(1 hT,)/ *>'• 

(137.8) 

Finally, one can always write 



W 


(137.9) 


where <p is the torsion function, defined earlier (§ 131), and x is some 
new harmonic function. Hence 


- 2(1 'hv { & + 


The displacements corresponding to these stresses are easily calculated 
(by general formulae of § 15 or by simple elementary means, as 
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used e.g. in A. E. H. Love [1], Chap. XV); the reader will readily verify 
that the following expressions satisfy (129.2): 

W 

u = —Tzy + --- {ia(l — z) (x^ — y*) + Uz^ — 


W 

rzx + — - a(l — z)xy. 


(137.11) 


W 


rep 


W 

~eJ 


{x(iz — iz^) + X + 


A rigid body displacement may again be added to these expressions. 

Substituting from (137.10) into the boundary condition on the side 
surface 

cos {n, x) + y z cos (w, y) = 0 

and taking into consideration (131.6), to be satisfied by the torsion 
function 9, one obtains 

dn 


= — [lax^ + (1 — ia)y2] cos (w, x) — (2 + cr)xy cos (n, y) (137.12) 


on the boundary L of the region S. 

Hence one has to solve the Neumann problem, just as in the case 
of the torsion function, in order to find the function x- 

It is easily seen that the condition for existence of the solution of the Neumann 
problem, i.e., 

j (1 — cos (n, x) (2 cf)xy cos (n, y)}ds = 0, 

L 

is satisfied in the present case. In fact, applying Green’s formula, this condition 
becomes 


2(1 + 


■Ih 


dx dy = 0, 


where the integral vanishes, since, by supposition, the centroid of S lies at the 
origin. 

The resultant vector of the external stresses, applied to the right 
end, is easily seen to be parallel to Ox and equal in magnitude to W 
(cf, § 144 for the proof in the more general case of a compound bar). 
However, if t remains arbitrary, the forces applied to this end still give 
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a twisting couple. In fact, the terms containing t give a couple with 
a moment determined by (131.8), while the terms with W give a couple 
with moment 

+ (137.13) 


In order to remove the twisting couples, it is sufficient to give t a suitable 
value so that the sum of the stated moments vanishes. 

The terms involving W determine the bending of the bar. The plane 
jn = 0 is here the neutral plane and Oxz the plane of bending. The central 
line (i.e., the line a; — 0, y = 0, which passes through the centroids of 
the cross-sections) becomes a curve in the Oxz plane, its radius of cur- 
vature (at a given point z) being determined by the Bernoulli-Euler 
relation 


1 M 
7e ~E I ’ 


(137.14) 


where 


M ^W{1- z) 


is the moment of the forces, applied to the transverse section (from the 
right) at the given point, about an axis which lies in the plane of the 
section in the direction of Oy. 

In addition, the terms involving t cause torsion of the beam about the 
axis Oz. Clearly, in the case of sections symmetrical with regard to the 
Ox axis, one will have r — 0 and no torsion will occur. 

Finally, if the force W is not parallel to one of the principal axes of 
inertia of the cross-section and does not pass through its centre of area, 
then its point of application may be moved to the centroid by introducing 
a suitable couple and the force may be decomposed into two parts, 
parallel to the principal axes of inertia. The unknown solution of the 
problem is then obtained by solving the problem of torsion and two 
problems of bending by forces, parallel to the principal axes. 

Consider now again the above case. Instead of x. its conjugate function 
Z' will be introduced so that 


fx ^ 

dx dy * dy dx 


theory of Elasticity 


38 
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Then, using the relation [cf. (132.2)] 

dn ds‘ 

one obtains for x' the boundary condition 

X' = Ffc(s) + C* on Li, La, . . ., L„+i, (137.15) 

where L*. denotes the contours forming the boundary L of the region. 
Cfc are constants and 

Fk{s) — j + (1 — cos (n. x)ds — (2 + ct) ^ xy cos '{n,y) ds 

= — ^ [kax^ + (1 — io)y^]dy + (2 4- or) 

= — Ml — + /{(2 + o)xydx — ^ax^dy} + const., 

where the integral is taken along L^ from an arbitrary point of this 
contour to the variable point {x, y). Noting that 

I x^dy — x^ — 2 I xydx + const., 

the preceding formula may be written 

Fjfe(s) = — (1 — J(j) a -f 2(1 + a) xydx + const. (137.16) 

xj J 

Since the last integral, if taken along the entire contour, will not, 
in general, vanish, the function x' will be multi-valued. However, in 
the case of simply connected sections bounded by one contour L, the 
integral, if taken around L, vanishes and x' will be single-valued, as 
was to be expected. 




where is the part of the plane surrounded by L^. The upper sign must be 
chosen for L„+|, the lower for the remaining contours. The integral will only 
vanish in the case, where the centroid of lies on the Oy axis. 



CHAP. 22 TORSION AND BENDING OF HOMOGENEOUS BARS 


595 


As in the case of torsion, it is sometimes convenient to consider the 
complex function 

G(5) = X + »x'- (137.17) 

§ 138. On the solution of problems of bending for different 
cross-sections. In his major work on bending [2] as well as in other 
papers Saint- Venant gave the solutions of bending problems for a 
number of cross-sections, in particular for a rectangle. As in the case 
of the torsion problem, Saint-Venant illustrated his solutions by de- 
tailed explanations, numerical examples and graphs. The reader should 
consult his original work as well as the book by I. Todhunter and K. 
Pearson [1] (cf. also the interesting paper by B. G. Galerkin [3]). 

Also in the problems of bending, conformal mapping may be of great 
help, just as it was for torsion. In particular, the results of § 134 (with 
obvious modifications) are easily applied to the present problem and 
the problem of bending may thus be solved for all the cases, considered 
in § 1 34a. But not much space will be devoted to it here and consideration 
will be limited to the simple example, presented in the next section. 

In a recently published paper, S. Ghosh [1] applied the method of 
conformal transformation to bending problems; evidently he was only 
conversant with the Author’s paper [12] and with the study of the 
problem, contained in the book by I. S. Sokolnikoff [1]. 

§ 138a. Example. Bending of a circular cylinder or 
tube*. 

Consider a cross-section of the shape of a circular ring, bounded by 
concentric circles and with radii and (/?] < R^. For the 
ring (cf. § 62, Note) 

G(3) = X + *x' = ^ log 3 + + **fr)3*. (138.1a) 

whence, putting 5 — re*^, 

X = .4 log y -|- S (a* cos sin ^&)y”. (138.2a) 

In (137.12) take for n the normal, directed away from the centre; 
then obviously 

cos (m, x) = cos cos (m, y) — sin 

*) Cf. A. E. H. Love [1], Chap. XV. 



596 


VII. EXTENSION, TORSION, BENDING 


§139 


Further, noting that 

[\ax^ + (1 — cos S- + (2 -f o)xy sin ^ = 

= (f + ^ cos S' — I r* cos 3S ( 1 38.3a) 

and that 

dn dr 

one obtains the boundary conditions in the form 

A 

— - 4- S k{aic cos ^S — sin AS)r*~* = : 

T -00 

= — (| cos S 4 cos 3S for r = Rp K^, \ 

whence, comparing coefficients of cos AS and sin AS, 

A=0, A*-i(A=±l, ±2, ...), afc = 0 (A4O, ±1, ±3), 

<*1 - = - (i 4 l<i)Rv 4 - = - (I + b)^2. 

3a, R\ - 3a_,R\^ = iRf, 2a, - 3a_,R:/ = fi?'- 
These equations give 

= - (I + H + Rl). «-i = (I + i<^)RK 

= «-3 = 0 . 

The constants a„ b, remain arbitrary, as was to be expected. 

Finally, one finds for x(^'. y) 

{R\ 4 Rl)r 4 cos S 4 cos 3S 4 const. ( 1 38.4fl) 
and the problem is solved. 

For Ri = 0, one obtains the solution for the solid bar with circular 
cross-section. 
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TORSION OF BARS CONSISTING OF 
DIFFERENT MATERIALS *) 


§ 139. General Formulae. 1°. The problem of the torsion of bars 
consisting of prismatic (cylindrical) components made of different 
materials and joined along their side surfaces will be studied next. 
Each component will be assumed homogeneous and isotropic. 

The cross-section S of the bar will consist of several regions S#, Sj, 
S^, .... Sm, corresponding to different materials and bounded by curves 
to be called dividing lines. In the sequel, when speakii^ of a part of the 
bar, this will refer to such a region Sj. 

Although the majority of the results to be stated below are true in the 
most general case, the rea.soning will be given only for the special basic 
case, when the bar under consideration consists of a series of parallel solid 
bars which do not touch each other and which are surrounded by elastic 
material filling the space between them and the surrounding cylinder 
which is parallel to the component bars. 


The cross-section S of such a bar 
will consist of a set of different 
regions Sj, S^, .... S„, corre- 
sponding to the component bars, 
and a region corresponding to 
the surrounding material. Let 
the boundaries of the regions Sj 
be denoted by (/= 1,2, . . .,w); 

the boundary of Sq will then 
consist of the closed contours Lj, 
Lm+i. where the last 
contains all the preceding ones 

(Fig- 61). 

2°. It will now be attempted to 



Fig. 61. 


satisfy the conditions of the torsion problem, by writihg, as for the case 


•) The results of the present chapter were first given in the Author’s papers [14, 15J. 
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of a homogeneous bar, 

u = — -zzy, V — Tzx, w = T(p(r, y), (139.1) 

where the constant t and the function y) are subject to definition; 
the latter function will be called the torsion function. 

On the basis of ( 1 29.2), one finds, as in the case of the homogeneous bar, 
that in each region Sj{j = 0, . . . , m) 

A', - Tfx, — y). y, = + r), (139.2) 

where denotes the shear modulus corresponding to the region S^ ; the 
remaining stress components are zero. ' 

By substituting these expressions in (129.1), it is easily seen that tljiese 
equations, as in the case of the homogeneous bar, reduce to the Laplace 

= 0 . 

Thus, in the present case, the function 9 must also be harmonic in each of the 
regions S,. The difference from the case of the homogeneous bar mani- 
fests itself only in the boundary conditions. These conditions express that : 

a) the external .surface of the bar is free from external forces, 

b) the forces acting on elements of the surfaces, .separating the dif- 
ferent materials, are equal in magnitude and opposite in direction, 

c) the displacements u, v, w remain continuous across the dividing 
surfaces (because, by supposition, the various parts of the bar are 
joined together). 

The condition a) obviously leads to 

Aj cos («, x) Ys cos («, y) = 0 on (139.3) 

and b) to 

[A* cos ( m , x) -f y, cos («, y)]j = [A, cos («, x) Y* cos («, y)]o (139.4) 

on £j, Z-2. • • •, Lm', here and later on, n denotes the normal to one of the 
contours Lj and is directed outwards with regard to Sq. The subscripts 
0 and j indicate that the expressions in the brackets are to be calculated 
for tW material lying in or S,- respectively. 

Substituting for A* and Y* from (139.2), the conditions (139.3) and 
(139.4) may be expressed by the single formula 

(■£)o ~ ~ ^ ~ ^ 

on I,^, / == 1, . . ., w -f- 1 , assuming = 0 . 
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The condition c) leads to the requirement that the tunction 9 is to 
remain continuous for the transition from one material to another. In 
other words, fAe function 9 must he continuous in the entire region 
' S = So + Sj 4- ... 4- S„, 

including the dividing lines. 

It will be shown in § 144 that, if 9 satisfies the preceding condition, 
the resultant force vectors acting on either of the ends of the bar are 
zero. Consequently, the forces acting on the "ends” produce pure couples. 
The moment M of the couple acting on the “upper” end is obtained 
by calculating the resultant moment of the above forces about the axis 
Oz. Obviously 

M == tD, (139.6) 

where „./•/•/ a o \ 

= L I I ^ (139.6') 

I'he constant D is the torsional rigidity. As in § 131, it is quite easily 
j-hown that D > 0. For a given moment M, the constant t is 
obtained from (139.6). Thus, in the end, the problem is reduced to the 
determination of the harmonic function 9 which is continuous throughout 
.S' and the normal derivative of which has on the contours Sj discontinu- 
ities, subject to the conditions (139.5); on the external contour, the 
normal derivative is also determined by (139.5) with j — m 1. 

In the next section the theoretical solutions of several more general 
problems will be given, in which the conditions (139.5) are replaced by 

CS’) “ ?■ = 1' 2. . . ., w 4- 1, (139.7) 

where the fj are functions given on the contours Lj. 

For the problem of torsion 

/i = (l4i — i^;) \y cos («, x)—x cos {n, y)]. (139.8) 

It is easily shown that the condition (139.7), apart from an arbitrary 
constant, determines the unknown function 9 uniquely. In fact. 






600 


VII. EXTENSION, TORSION, BENDING § 140 


where L denotes the union of the contours L^, Lj, . . ., L^+x- But by 
a well known formula 




where <p is a function, harmonic in some region 5 bounded by a contour L 
and d^ldn is the derivative in the direction of the outward normal. 
Taking into consideration that for Sj, . . .,S„, in the present notation, 
n represents the inward normal, one finds 


W-f 1 

s 

1= 






whence it follows that, if on all contours Lj 


; ( 139 . 9 ) 


then 


/, = 0. 




= 0 


in the entire region S, and hence <p = const. 

If now <pj and (pj are two solutions of the problem, then 


9 = 9i — <P2 

will likewise be a solution, corresponding to the case /^ = 0 on all con- 
tours. It follows from this that 


9i — 92 = const., 

which proves the above statement. 

Next consider the question of the existence of a solution and of its de- 
termination. First of all, it is eeisily seen from (139.7) that 



L, L L, 


whence, using the fact that the integral over the normal derivative of a 
function, harmonic in a region, taken over the boundary of the region is 
zero, it follows that 

r»+l f 

S f,ds = 0. 
i-i J 
u 


( 139 . 10 ) 
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Consequently, the condition (139.10) is necessary for the existence of a 
solution. It can also be shown to be sufficient, as will be seen later. This 
condition is always satisfied in the torsion problem, because, if /, has the 
form (139.8), 

lfids = 0 

for every Lj separately (cf. § 131 p. 574). Thus condition (139.10) is 
certainly fulfilled in this case. 

§ 140. Solution by means of integral equations. Taking into 
consideration the continuity of the unknown function ep in the entire 
region S and the discontinuity of its normal derivative on the contours 
Lj, it is natural to try to represent this function in the form of a potential 
of a simple layer, distributed over these contours, since the potential of 
a simple layer has just the required properties. In this way one is led to 
the generalization of the known problem of Robin — Poincare (as it 
has been called in J. Plemelj’s book [2]). 

Thus, let 

r 1 m+l / 1 

<p(^. y)= / p(s)log -ds= 2 / p(s) log - - <fs, (140.1 
. r l-i J T 

L hi 

where r denotes the distance of the point {x, y) from the point s lying 
on one of the contours Lj and p(s) [the density of the layer] is an unknown 
continuous function of s. The symbol s will refer at the same time to 
any of the contours Lj over which the integration is extended. 

On the basis of the known properties of the potential function of a 
simple layer, the function 9, defined in ( 1 40. 1 ) , will be continuous through- 
out the region. Its normal derivative will be discontinuous for a 
passage through the Lj. In fact, the following relations will hold: 

{jn)j (/ = 1. 2, . . ., m), 

(140.2) 

where {dipidn),, and [d<pldn)j relate to a point t on one of the contours 
Lj, r denotes the distance between the points s and t and is the 
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angle between the vector ts and the normal « at / (remembering that n is 
always the normal outward with regard to the region S^; see Fig. 61). 
Using (140.2), the boundary condition (139.7) now becomes 

/ cos (L 

p(s) — -~ds = fj{t), (140.3) 


where t denotes a point on Ly (/ = 1, . . .,tn 1). In this way a system 
of Fredholm equations has been obtained which may be reduced to one 
single equation 

p{t) + ^ K{t. s)p(s)rfs = m, (140.4) 


where 

K(t,s) 


(J-Q— 


m 


fM 


for t on Li . (140,5) 


+ H-j) 

Next examine for what conditions (140.4) has a solution. The ho- 


mogeneous equation 


p(/) + I K{t, s)p(s)ds = 0, 


(140.6) 


obtained from (140.4) by putting /(t) — 0, i.e., 

/AO = 0. O' = 1, .... fn + O’ 

has only one linearly independent solution. In fact, the function 9, 
defined by (140.1) where p(s) is the solution of the homogeneous equation 
(140.6), will satisfy the boundary conditions (139.7) for /y = 0. As proved 
in § 139, such a function 9 is constant throughout the region 5. But for 
9 = const., (140.2) gives 

“ 0 O” 0- = 1. 2 »). 

Thus, the solution p of the homogeneous equation (140.6) is the density 
of a layer, distributed over the outside boundary L^+i of the region .S' 
and giving a constant potential in this region; for example, this is tlie 
two-dimensional analogue of the “natural distribution” of electricity on 
a conductor. As is known (cf. e.g. J. Plemelj [2], p. 63), the density of 
such a distribution is determined uniquely apart from a constant mul- 
tiplier, and this proves the supposition. 
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By a known theorem of Fredholm, the adjoint homogeneous equation, 
i.e.. 



K{t, s)${t)dt — 


0 , 


(140.7) 


will likewise have a unique (linearly independent) solution. 

In fact, it is easily verified that this solution is 

P*(0 == + |x, (when i is on I,., / = I, . . w + 1). (140.8) 

Actually, if the point s is taken on {j <m + 1), 


H-o — (J-j 
t^o + P-j 


J ^(p-o + l^j) r 

■! I.) 

I K{i, s)dt “11^ 0, i^j, i m + 1 , 
1 , 1 ^, 

I Kd. ,)di _ I dl ~ 2. 




7r(Xo r 


riio above leads to the well known formula 

[ 0, if s is outside L^, 


cos ^ 


dt 




TT, if s is on Lj, 
2t:, if s is inside Ly. 


(hor sign has to be changed, since in that case, by the adopted 

notation, n will be the outward normal with regard to that contour, and 
not inward as it is with respect to all other L^,) 

Using these formulae, one immediately establishes that p*, defined 
by (140.8), satisfies (140.7), if the point s is taken on L^(j < m -f 1). 
Finally, if s is on then, similarly as above, 

I K{t, s)dt = 0 (/ < w + I), \ K(t, s)dt = — 1 , 

whence it follows that (140.7) is also satisfied in this case. 

Thus p*. defined by (140.8), is one of the solutions of (140.7); the 
remaining solutions may differ from it only by a constant factor. 
According to a known theorem of Fredholm, the original integral 
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equation will have a solution if, and only if, the condition 

I p*/(s)ds = 0 

h 

is satified, i.e., by (140.8) and (140.5), if 

m+1 i* 

S I f}ds = 0. (140.9) 

L, 

With the fulfillment of this condition the original integral equation 
(140.4) has a solution, determined apart from an additive term of the form 
Kp§ **, where K is an arbitrary constant and p** is the solution of the ho- 
mogeneous equation (140.6). The potential, corresponding to this term, 
is a constant. Therefore the function cp is uniquely determined apart 
from an arbitrary constant. 

In the case of the torsion problem, the condition for the existence of 
a solution, i.e., (140.9), is always satisfied, as has already been shown 
above. Consequently, the torsion problem always has a solution of the 
stated form; the torsion function <p is determined uniquely apart from 
an arbitrary constant which has no influence on the stresses and de- 
formations. 

The problem of the torsion of a bar, consisting of a number of hollow 
cylinders, inserted one into another and joined together along the side 
surfaces so that the curves, dividing the cross-section S of the bar into 
regions corresponding to different materials, are themselves clo.sed 
contours, may be solved in quite an analogous manner (i.e., the problem 
of “composite tubes”). The case when the various component bars have 
longitudinal cylindrical cavities does not present any particular dif- 
ficulties. 

In the preceding work, it has, of course, been assumed that the closed 
contours Lj, L^, etc. satisfy a definite condition of regularity. For the 
preceding work to be valid, it is sufficient to assume, for example, that 
each of the considered contours has at every point a continuously changing 
tangent and a bounded curvature. 

§ 140a. Applications. In several particular cases it is, of course, 

possible to obtain a solution of the problem without using integral equations. 
Thus, use of conformal transformation may sometimes be preferable, as 
will be shown in the first of the examples to be treated below. 
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1 °. Torsion of a circular cylinder, reinforced by 
a longitudinal round bar of a different material. 

Solution of this problem was obtained by I. N. Vekua and A. K. Rukhadze and 
published in their paper [1]; part of this paper has been reproduced here almost 
without any change. Solution of the case when there are cavities instead of the 
reinforcing rods was given by H. M. Macdonald [1], Another solution of the same 
problem was obtained by E. Weinel [1], See also a recent paper by R. C. F. Bar- 
ids [IJ. 

Let the cross-section 5 of the bar consist of the region Sj, bounded by 
the circle Lj, and the region Sj, bounded by the same circle Lj and a 
circle enclosing the former. Let fXj and (Xg be the moduli of rigidity 
of and Sg respectively. 

If is easily seen that, if Lj and Lj concentric circles and if the origin 
of the coordinates is taken at their centre, the torsion function will be 
constant, so that the ends of the inner rod and the surrounding cylinder 
move as if they were not connected with one another and the torsional 
rigidity of the composite bar were equal to the sum of the rigidities of 
the component parts. 

The case when and are not concentric is more complicated. The 
notation of the first part of § 48 will be used with the exception that 
r = A' -f iy is replaced by 3. Let 

^ = 3 = - = <o(!;) (140. la) 

1 aQ 

be the relation mapping the 3 plane on to the C plane. The circles and Lg 
will correspond to circles and yg in the plane the radii of the latter 
being pj and pg (pi < pg). These radii and the constant a are related to 
the radii and rg of the circles and Lg distance I between their 

centres by the formulae (48.7) and (48.8). It should be remembered 
(§48) that 

0 < Pi < pg < . (140.2a) 

a 

By (140.1a), the region Sj will correspond to the circle [ | < pi and 
•^2 the circular ring pi < I C ! P2* Bet 9 be the torsion function; its 

values in and Sg will be denoted by 91 and 92 respectively. Let ^ 
be the function, conjugate to 9 and defined separately in Si and Sg; 
its values in Sj and Sg will be denoted by ^1 and ^^g. The functions 91, 
4^1 and are harmonic in the respective regions. 
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The boundary conditions satisfied by cpi and 92 are (cf. § 139); 

— y cos («, x) — X cos {n, y) on L^, 

(140.3a) 

<Pi = ?2 on Li, 

<^91 


(X2 


dn 


-(h 


[Xi) [y cos («, x) — X cos («, y)] on 


where n is now the normal directed away from the centre of the respective 
circle. Also let s be the arc measured anti-clockwise. It will be assumed that 
the relations , 

d<pi d<f2 ^^2 

ds 


(140.4a) 


dn ds dn ds 

hold on the contour (and the second of them also on L^. This will be 
confirmed, once the final .solution has been found. 

With the above, (140.3a) gives for ij'i. <1^2 conditions 

<1^2 = + y^) + const, on L^, 

dn 


--—on 

dn 


(\ 40,3a') 


(12(^2 — = i(H2 — + /) + con-st. on Lj. 

Let 1^(3) = <p + *4' be the complex torsion function and let 

m -9 + 4 (140.5a) 

be the same function, expressed in terms of X,. Let fi and be the values 
of this function in Uj and where tsi is the circle K | < Pi and <T2 tb® ™g 

Pi < 1 ^ I < Pa- 

Then one will have 


f,(Q =1. {4 + in (140.6a) 

+00 

U{X,) == S (a; + ibDXJ^ in (T2. {140-7«) 

—00 

whence, putting ^ == 

00 

4^1 = &; -t- S « sin + bl cos kd-)p^, (140.6a') 

4»2 = &; + S [(p*a" — p-*'0 sin -f (p*b„ -h p-^ft^) cos *6-]. (140.7a') 
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Further, note that 

!(** + y®) = i33 = i- - — 


(f— «q(l —aZ] "f _ aK 


l + (aK + aK^+ ...) + 


+ + . . . ) = 1 + 2ap cos S' + cos 29' + .... 

This series converges absolutely for p < l/«. Thus 

i (x‘ + y®) = - ~ \h ‘'OS as}. (1 40.8«) 

Substitute (140.6a'), (140.7a') and (140.8a) in (140.3a') [where the middle 
condition maybe replaced by S^'i/^P = ^ 2 !^P (for P = Pi), since and 

d<^Jdn differ from these only by a factor] and compare coefficients of 
cos AS, sin AS. One easily finds for A > 1 : 

4 = 4' = «-* = 0. 

pI%' + Alfc = 

^Pi%' + f’-k = vcia»-ipf*, ® 

where 

c,--—"'.-,, (140.10.) 

p.* + [Ai 1 — «*P^ 1 — a^pi 


1 — a*pf 


(140.9a) 


(140.10a) 


here and are the distances of the centres of and from the 
origin [cf. (48.6)]. 

The constants 6,/, b'^ remain quite arbitrary, as was to be expected. 
The condition of continuity of 9 gives, as is easily seen, u'q — a^' , where 
the value of and a^' is arbitrary. Therefore put 


Then, by (140.9a), 


K = K’ = a; = 0. 


b'' + 


1 — va* 


1 -va* 

1 + a* 

Cga»^-r + h- i 

1 — va* 


(140.11a) 
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where 

a — - pf/p|, I = c^ — Cl. (140a. 12) 

Substituting these values in (140.6a) and (140.7a), one finally obtains 

fii^) 


iCoZ 1 — a* 

S 

1 aZ fc-i 1 — va*= 


f2{K) 


I -I V «*«*“^^* ^ Pi^a*-^ 

-j- WV £ —7 • tlv ^ -- 


l—al 


A:*= 1 1 


va* 


fc-l 


1 


va* 


1 


(140.13a) 


These series and their derivatives are easily seen to converge absolutely 
and uniformly in the relevant regions including the boundaries. \ 

If V = 0, i.e., (ij = |Xj, one finds for and /j one and the same ex- 
pression 




ic^ 

T— 


i.e.. 


^is) = ^‘^25 = + *y)' 


This is the complex torsion function for the homogeneous cylinder. If the 
origin of coordinates is taken at the centre of the cylinder, one obtains 


F( 3 ) — const. 

(cf. § 131, Note 2). 

Thus it may be said that the function determined by the second 
of the formulae (140. 13a), consists of two parts: one, corresponding to the 
case when one deals with a continuous, homogeneous bar (first term), and 
the other, expressing the “indignation" aroused by the presence of 
the component bar. 

Once the functions /^(Q and f 2 ,{Q have been found, the stress components 
can be calculated by the formulae of § 134 (cf. I. N. Vekua and A. K- 
Rukhadze [1]). The torsional rigidity D is likewise easily calculated 
from a formula of § 134. One finds 


D = \x^I + (til — fij,)/' 


(til — [iz)^ 

1^1 + h! . 

2[i27t/*vpi 21 


a*v* 


uZt (1 -a«pfa*)* 


(140a.l4) 
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where 




(140.15a) 


here / is the polar moment of inertia of the solid bar of radius referred 
to its centre, and /' is the polar moment of inertia of the bar with radius 
ri referred to the centre of the first bar. 

If D' and D” denote the torsional rigidities of the component bars 
with the moduli of rigidity (Xj and taken separately, then 


D" = iL,iI - /') 2 t ;- -- 

( 1 — ayicry 

[where the latter follows from (140.14fl) by putting tn = O]- 
By (140.14a) and (140.16a) 


(140.16a) 


D 


(£)' + D") =r 


(^1 + 1^2 


+ 2(X27t/*p2 S 




whence it follows that 


a»{l — v*+i) 

(1 — a^pja*)®’ 


(140.17a) 


D' + D" < D, 


(140.18a) 


as may have been expected beforehand. 

For the homogeneous cylinder (p.j = 1 x 2 ), one has instead of D 


Dq = (Xj/. 

In the general case when is small, one has approximately, neglecting 
fourth and higher order terms in pj. 


D = [i^I + 


2(X2(fXi — (X,) 


[Al + 1^2 


£f jr 

i , 


whence follows the approximate formula 


bo 1^1 + 1^2 I 


(140.19a) 


This formula reduces for |x, = 0 to that obtained by H. M. Macdonald [1] 
for the hollow cylinder. 

If the cylinder is reinforced not only by one but by several longitudinal 
bars of the same material and if these rods are so thin and removed 
from one another that the regions which are “affected” practically do 
not overlap, then obviously the approximate formula (140.19a) may 
also be used in this case, provided one interprets I' as the sum of the 

Theory of Elasticity 
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moments of inertia of the component rods with regard to the centre of 
the circle L^. 

The torsion problem has also been solved in the case when Lj and 
are confocal ellipses (cf. I. N. Vekua and Rukhadze [2]) and when the 
boundaries are epitrochoids disposed in a definite manner. 


2°. Torsion of a rectangular bar, consisting of 
two different rectangular parts. The problem of the 
torsion of a rectangular homogeneous bar was solved by Saint-Venant 
(cf. e.g. A. E. H. Love [1] § 221). It is often possible to obtain a solution 
of the torsion problem in cases which are excluded from consideration by 
the reduction of the problem to integral equations. For examplip, such 
cases occur when the boundaries have corners, as in the probleni to be 

treated here. 

Consider a bar, consisting of 
two parts the cross-sections of 
which are rectangles with sides a■^, 
2b and a.^ and which meet along 
the boundary of width 2b (Fig. 
X 62). Let the moduli of rigidity of 
the component bars be [Xj and \x^ 
respectively. Take the axis Oy 
along the dividing line of the 
regions Sj and Sg, corresponding 
to the different materials, and let 
the origin be at the midpoint of this line ; denote by (pj and the values of 
the torsion function tp in the regions 5^ and S^. 

Further, introduce the harmonic function ^> = 9 -t- xy and denote its 
values in Sj and Sg by O' and O". It is immediately seen that the bounda- 



Fig. 62. 


ry conditions are as follows: 

00' ao" 

2y(x = —ai, — b<,y<b), =2y(x = a 2 , 


— b <,y<b), 


00' 0O" n\ 

jAj g- Fa = 2 (Fi — Fa)y 0. —b<y<b), (^) 

O' = O" (a: = 0, —b<y < b). 

00' 00" V tJ\ 

— — =0 (y=±i. — fli<x< 0 ), — -~~= 0 (y=± 6, 0<x<«a)- (“1 
By oy 
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^J^rmonic taction. and will be detemtined in the form of ta 


where 


^ + -^iJn i 1 cosh mx) sin my, 

oo 

1 sin niy, 

m — ^^”_+ i 
2b 


Each term of the two preceding series is obviously a harmonic function 
I he coefficient m has been chosen so that the condftions (^) are sSd ‘ 
clearly also the condition (c) is fulfUled ^ sansiied, 

There remains to satisfy (a) and (si. For this pnrpce* it wiU be re- 
membered that m the interval (-4, -p J) the tactfon 2v Z ^ Z 
presented in the form of a series: ^ ^ 

+ 1 ®in my, 


2n -I- 1 ~ j 


(2w +' ij’a ’’ 


•O' 


\n / (2n + 1 )® 

The series (^) is a Fourier series for the function /. defined in the interval 
( • aio, -f- 2b) in the following manner: 

f ~~ in the interval (— fc, -1- b), 

/ == 46 - 2y „ „ „ 2b). 

f ^ — 4b + 2y „ „ „ (_ _ 2b). 

On the basis of (g), the conditions (a) will be satisfied, if 
^2n4 1 cosh w«, — sinh w«i = 

-^ 3 n+i cosh ma^ + sinh ma^ — A^^+i, 

and the condition (ft), if 

Msn-bl — M2« + 1 = {(^1 — llaM2n + l- 



612 


Vn. EXTENSION, .TORSION, BENDING 


§ 140a 


Solving the three preceding equations for A^n+i and B^^+i and 

substituting the values thus found in {e), one obtains after some obvious 
transformations 


O' = 4b^ 


2y ~ (- 1)” 

/ n^O -f- 1)® 


[(ig + (|Xi-(X2)cosh waj cosh sinh ma* sinh>n;r-[ii cosh wa, cosh mx 

(tj cosh waj sinh woj + (x, cosh maj sinh ma^ 


sinwy, 


<b" = 46 ®!—, 

, TT / 


oo 


i)» 

(2n\ 1)» ■ 


4 - (tXi-[jL2)cosli majlcosh m {x~a2) + pt-iSinh wtaisinh mx + {Xg cosh ma^ 
pLi cosh ma2 sinh mai 4 - jxg cosh ma^ sinh ma^ 


ijuani rnx\ 




The form of the coefficients shows that the series obtained converge 
rapidly (uniformly and absolutely). Also, the use of differentiationduring 
the process of deduction is justified. 

The torsion functions are given by 

<Pi = O' — xy in 5,, 92 = ^ " Sj. 

The torsional rigidity is obtained from (139.6') which in the present 
case has the form 

B = 1*. //(*• + y* + * - y -£■ )<«* ■iy + 

+ 1^ / / (*■ + y’ + * ~ - y i’‘ iy- 

Substituting in this formula the expressions for 9^ and 92, one finds, 

OO J 

using the result that S — (compare with the case of the 

® „.=o (2n + 1)« 96 ' 

homogeneous bar, A. E. H. Love [1], § 225), 

8 

£) _ _ + \L2a^)b^ + 

f ^ V 6* S ^^2+ ^osh tnUi — ((if + 1^1) cosh mui coshm a-j 

\n/ n-o (2n+l)® ((iiCosh»t«2sinh»Mai+p2CoshwaiSinh»tfl2) 

( 4Y “ cosh mai+ cosh m«2 — cosh2»(ai — %) — 1 .. 

Tt / =. 0 (2« + 1 )® tpi cosh ma^ sinh tnai+[ti cosh mOi sinh in<?2) 
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If and flj are large compared with h fin fact if a /» v. kk\ 
with sttffident accuracy put ' " ‘ ^ 


sinh mUi ^ ^ sinh ma^ 
cosh mui ' cosh 


sinh mui cosh ma^ 


sinh ma^ cosh ma^ 

and obtain for D the approximate formula (compare with the analogous 
expression for the case of the homogeneous bar, A. E. H. Love [1], §225) 

(Ml + Mz)^* — — — 2 ^ = 

1*1 + (1.2 Vtt/ (2«-i-i)5 

= 4 (Ml + Mz)^® — 3.361 M . 

1*1 + 1*2 
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EXTENSION AND BENDING OF BARS. CONSISTING OF 
DIFFERENT MATERIALS WITH UNIFORM POISSON’S RATIO* 

The various cases of elastic equilibrium of bars, which were stated in 
§ 129, will now be considered. It will be assumed that the different 
materials, constituting the bar, have the same Poisson’s ratio <s,\ but, 
generally speaking, different Young’s moduli. 

Remembering that a has almost the same value for many material.s, it 
becomes clear that this restriction is not very severe. On the other hand, 
it considerably simplifies the solution. 

According to Poisson's original theory, the quantity a was the same for all 
materials and its value was equal to However, this circumstance is not confirmed 
by experiment. The variations in the values of a for different materials are con- 
siderably less than those for E, For example, 
for copper: 1/a =: 2.87, £ = 1.25 x 10* [kg/cm*], 
while for aluminium: 1/a = 2.92, E ^ 740 000 [kg/cm*] 

(cf. Note 2 at the end of § 146). 

In particular, for problems of extension (compression) and of bending 
by couples, the present case is almost as simple as that for homogeneous 
bars; this will be shown in §§ 142, 143. 

§ 141. Notation. 

The concepts of this section as well as the corresponding formulae also apply 
to the case, where the values of Poisson's ratios of the various materials are dif- 
ferent. 

Consider the quantity 

= 1 1 E(ixdy = 21 S,E,. (1411) 

. * i 

where E denotes the modulus of elasticity at a given point of the cross- 
section which takes constant values E, in Afferent parts Sj, corresponding 

*) The contents of this chapter were taken from the Author’s paper [15]. 
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to the matorials constituting the elastic bodyj the areas of these parts 
of the cross-section will likewise be denoted by Sj. 

Further, the "reduced centre of gravity” of the cross-section will be 
understood to be the centre of gravity which is obtained by ascribing the 
various parts of the cross-section surface densities which are equal to 
the corresponding moduli of elasticity ; thus, if the origin of the coordinate 
system is placed at the reduced centre of gravity, 


j j Ex dx dy = Ey dx dy == 0. 


{141.2) 


The “reduced moment of inertia” will now be defined as the moment 
of inertia, calculated under the .same supposition with regard to the 
den.sities of the different parts of the cross-section. In particular, the 
reduced moment of inertia 7^. about the axis Oy in the plane of the cross- 
section will then be given by 


I 


K 



s 


Ex^ dxdy — h Sjlj, 


(141.3) 


where Ij is the customary moment of inertia of the area Sj about the 
same axis. 

Finally, the principal axis of inertia of the cross-section, under the 
.same assumption with regard to the densities, wiU be called the “reduced 
principal axes”. 

If the axes Ox, Oy coincide with the reduced principal axes of inertia, 
one will have 


1 1 Exy dx dy — 'L Ej j^j xy dx dy = 0. 


(141.4) 


Here, as well as in § 142, 143 and at the beginning of § 144, it is un- 
necccssary to assume that one is dealing with “basic” cases (§ 139,1°); 
it is sufficient to suppose that the bar consists of a number of homo- 
geneous, isotropic, cylindrical bodies (fibres or strips), welded along their 
side surfaces. 


§ 142. Extension. It is easily seen that in the above notation the 
problem of extenaon of bars by longitudinal forces, applied to the reduced 
centre of gravity of the cross-section, is solved by the following formulae 
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EfF 

Zt = — in the region Sj, 


X, V 


aF 

-x-y. v!> 


(142.1) 


(the remaining stress components being zero) ; F denotes here the total 
tensile force {F <0 will correspond to compression). 

The rigidity of the bar for extension (compression) is equal to Sj,. 
(see § 135). 

§ 143. Bending by a couple. The problem of bending by a' couple 
whose moment lies in the plane of the ends is likewise very little different 
from the same problem for the homogeneous bar (§ 136). 

Let the origin lie at the reduced centre of gravity of the “left” end 
and let the axes Ox, Oy coincide with the reduced principal axes of 
inertia. 

If the moment of the couple, acting on the “right” end, is parallel 
to the axis Oy and if its magnitude is M, the .solution is given by 

Z, = -—xinSi (143.1) 


(the remaining stress components being equal to zero) and 
M .. M M 


{z^ + ax^ ay^), v 


axy, w 


xz. (143.2) 


Substitution of these expressions in the static equations of the elastic 
body show that all the equations are satisfied; the boundary conditions 
are obviously fulfilled. 

The resultant vector of the external stresses applied, say, to the right 
end is equal to zero, since, by (141.2), 

I f Zgdxdy — 0. 


The moment of these stresses about the axis Oy is, by (141,3), 

M 

— I I xZg dxdy 


ExHx dy = M; 
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finally, the moment about the axis Ox is, by (141 .4), equal to 


yZ^dx dy 


-T.il 


Exydx dy — 0. 


The above solution thus satisfies all the imposed conditions. It is easily 
seen that in the case under consideration the BernouUi-Euler law is 
valid ; it is now expressed by 


_ Af 


(143.3) 


The flexural rigidity is equal to 1^. 


§ 144. Bending by a transverse force. The solution of the problem 
of bending by a transverse force will now be considered. Let the origin 
0 be at the reduced centre of gravity of the "left” end and let the axes 
Ox, Oy coincide with the reduced principal axes of inertia. 

This problem may always be reduced to the case, where the transverse 
force, applied to the “right” end, acts through its reduced centre of 
gravity and parallel to the axis Ox (cf. § 137). 

Guided by the form of (137.10), (137.11) which refer to the homo- 
geneous bar, it will be assumed that the conditions of the problem may 
be satisfied by expressions of the following form: 

ti= -vyz-j- A{\rs{l — z){x^ — y*) 4 - \lz^ |2:®], 

V — xxz -j- Adi} — z)xy, (144.1) 

10 = T<p — A[x{lz — Iz^) -f X + 

where tp is the torsion function of Chapter 23 and x — x(*> y) some 
function which has still to be defined; I is the length of the bar and 
T, A are constants. 

Calculating the stress components, corresponding to these displace- 
ments, one finds AC* = = X, = 0 (as in the case of the homogeneous 

bar) and, in the regions Sj{j — 0, 1, . . .,tn), 

X, + + 0 - - 

(^“ + ’ 

Z, = Ki{l z)x, 


(144.2) 
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where Kj are constants which may have different values in the 
different regions S^; in fact, 

AE. 

Alii = . Kf = AE,. (1 44.3) 

A* + °) 

Substituting the expressions (144.2) in the equilibrium equations, i.e., 
in (129.1), it is readily verified that the function as well as the function 
ip, must satisfy the Laplace equation in each of the subregions S^; con- 
versely, the above equations will be satisfied under these conditions. 

Now consider the boundary conditions. To ensure that the displacements 
u, V, w will be continuous throughout the body, the function x . must 
obviously be continuous throughout the entire cross-section 5 (sinc^e the 
torsion function 9 is, by definition, continuous throughout S). \ 

The boundary conditions with regard to the stresses lead, as in, the 
case of torsion, to the requirement that the expression 

X, cos ( m , x) + cos ( m , y) (a) 

must vanish on the free side surface and that it must be continuous 
for a pjissage through the surfaces separating the different materials. 

The resultant vector and moment of the stresses, acting on the right 
end, will now be calculated. First of all, it is clear that the component of 
the resultant vector in the Oz direction is equal to zero. Its component 
in the Ox direction is given by 


X = I I XJx dy. 


Remembering that (144.2) satisfies the equilibrium equations and, in 
particular, the equation 

dX, BY, 

dx By '^'dz 

one obtains, after substituting for Z, from (144.2), 

, 0Y, 


+ 


-f AEj X = 0. 


8x ' dy 

On the basis of this identity, one may write 

lx, + x( 


X = S 


£//*{“ W + (xY.)} dx dy + AI^. 



CHAP. 24 


EXTENSION AND BENDING FOR UNIFORM O 


619 


Finally, transforming the integrals by use of Green’s formula, one 
obtains 

X = S ^ x[X, cos (v, x) + Y, cos (v, y)]ds + AI^, 

I'l 

where Lj are the boundaries of Sj and v is the normal, outwards with 
regard to Sj. Two integrations will occur along the lines of division of two 
parts Sj, since these lines belong to the boundaries of two regions. The 
expression X, cos (v, x) + cos (v, y) has opposite signs, but the same 
numerical values in these two integrations; hence the integrals along the 
lines of division will cancel. The integrals along the lines, corresponding 
to the free side surface, will likewise vanish, since one has there 

X, cos (v, x) + Yj cos (v, y) — 0. 

Note that it had been assumed in the expression (a) that the positive normal n 
is the same at points, belonging to either side of the line of division. In the preceding 
reasoning the normals v have opposite directions at such points. 

Thus one obtains 

X = AIj,.. (144.4) 

However, by supposition, one must have X ~ W, where W is the given 
force. This condition determines the constant A : 



In a similar manner one finds for the component of the resultant vector 
in the Oy direction 

^ — 1 1 Yzdx dy = E I y[X'j cos (v, x) -|- Y , cos (v, + Ah Ej I'l xydx dy, 

S t, 

It thus follows, on the basis of the above results and of (141.4), that 

Y = 0. 

In particular, if ^ =0, one finds X = Y = 0; hence the proof has been obtained 
that for A = Bj = Kj = 0, (144.1), (144.2) give a pure twisting couple on the 
right end. 

Finally, since X, = 0 for ? = I, no bending couple will act on the 
right end. 
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The moment of the twisting couple is ^ven by 


Af = t£> + 


W 


8x 


By 

x-± + 


2(1 + 

•s< 

+ (1 — |a)y3 — (2 + \a)x^dxdy. 


(144.6) 


where D is the torsional rigidity. The constant t must be determined 
from the condition M = 0 which may always be done, once the functions 
9 and x have been calculated. 

The function 9 can be determined, using the results of Chapter 23. 
The function x has still to be found. Assuming, for definiteness, that 
one is dealing with the ‘ ‘basic” case (§ 1 39, 1 ° ; Fig. 6 1 ), it is readily verified 
on the basis of (144.2) and (144.3) that the boundary conditions reduce, 
in the notation of Chapter 23, to the following (remembering that, by 
supposition, = 0) : 

(^), - O' - ' • 2 ”•+'). (144.7) 

where 

fi= - (i^o - y-i) + (1 ~ j) + 

+ (2 + a) xy cos («, y)|. (1 44.8) 


Thus, one has arrived at exactly the same problem as in the case of 
torsion, except that the functions /,-, given on the contours, do not hav(‘ 
the same values. 

It will now be investigated whether the condition (140.9) for the 
existence of a solution is satisfied. One has 

11+ 1 C 

^ ( 1 q I + (1 — cos (m, x) + {2 + a)xy cos (w, + 

+ ^ lij I {[iax^ + (1 - cos (n, x) + {2 + a)xy cos {n, y)}ds 
J 

Li 
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or, transforming the integrals by use of Green’s formula, 
m+l f Cf Cf 

~ ~~ Jj a)iLoxdxdy — S j j 2{\ + a)yLjXdxdy — 

Li Sa Sj rr 

— ~ 1 1 Ex dx dy ; 


however, the last integral vanishes, since, by supposition, the origin lies 
at the reduced centre of gravity. 

Thus, the existence condition is fulfilled and the present problem will 
always have a definite solution which may be obtained by the help of 
the same integral equation as in the preceding chapter, except that the 
functions /, are now determined by (144.8). 

In particular, the remark in Chapter 23 with regard to the applicability 
of the solutions for other shapes of cross-sections, e.g., for the case of a 
compound tube, still remains true. 

Finally, note that it follows from the formula for u, i.e., from the 
first formula of (144.1), that the curvature of the central line (which is 
the locus of the reduced centres of gravity) satisfies the relation 

R 

in other words, the Dernoulli-Euler law again holds true. 

§ 144a. Example. Bending of a compound circular 
tube by a transverse force, applied toone of its ends. 

Let the cross-section of the bar con- 
sist of two concentric circular rings 
S'l, Sj the first of which surrounds the 
second one, as shown in Fig. 63. The 
inner, middle and outer radii will be 
denoted by R^, Ri, respectively, 
and the moduli of elasticity, corre- 
sponding to Sj and Sj, by E^, E^. 

Let the transverse force act through 
the centre of the circles in the direc- 
tion of the Ox axis. In view of the 
complete symmetry, it is clear that 
^ ~ 0, i.e., no torsion takes place. 

The function yj^x, y) will now be found 
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and its values in the regions S^, will be denoted by Xi and respectively. 

Let r,^ denote the polar coordinates in the Oxy plane. By (138.3a) 

+ (1 — io)y*] cos S’ + (2 + <j)xy sin S' — 

= — |r® cos 3^ 4- (f + ^or)r* cos 8-. (a) 

Correspondingly, the boundary conditions have the form 

= kRl cos 8- 4- If?** cos 3^ for r = Rq, 
or 

Xi = Xa 

£2 ^ = (£\ - £2) ( - kR\ cos ^ 4- cos 31 ^)} I 

dr dr J 

-y- — kRl cos 9- 4- iRl cos 39 for r — R^, 

where 

I 4- |ar = A 

and in the second condition the shear moduli [ii, (i.2 have been replaced 
by the moduli of elasticity E^. £4 which are proportional to them. 

Expanding the harmonic functions Xv Xa series and substituting in 
the preceding formulae, these functions may be determined. However, 
it is easily shown that the.se conditions may be satisfied by writing (cf. 
solution for the hollow homogeneous circular cylinder in § 138a) 

Xi — cos 9 4- cos 39 (£, < r < R^, 

Xa — cos 9 4- cos 39 {R^ < r < R-^. 

Substituting these expressions in (6), one immediately sees that all the 
conditions will be satisfied, provided 

a^Rl - a; = - kRl a^R\ - a^ = - kRl 

a^Rl 4- «2 = ajR\ 4- a'v 

E^{a^R\ - a[) - E^{aji\ - a'l) = - k{E^ - E^R\. 

Hence one finds 

a = _ A 4- R\) + E^{R\ - £g) [(£? 4- igg)» + Rt -3 . , 

^ E,{Rl + {Rl - Rl) + EM + «!) (^1 - -Ki) 
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Thus the problem is solved. The solution for the case where the circles 
arc not concentric was given by A. K. Ruhhate [1], The solution for the 
case of confocal ellipses was given by I, N, Vekua and A. K. Rukhadze [2]. 
In the paper [2] by A. K, Rukhadze the solution is given for the case of 
epitrochoids. 

The problem of tading of the rectangular bar, considered in | HOa, 
is likewise easily solved, 
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EXTENSION AND BENDING FOR DIFFERENT POISSON’S 

RATIOS* 

In the general case, when the Poisson’s ratios of the various materials 
may also differ, the problems of extension and bending becomip con- 
siderably more complicated. In fact, it will be found that it ile now 
impossible to assume Xx—Yy = Xy — 0, as was done in the cise of 
Saint-Venant’s problem as well as in the case where the Poisson’s ratios 
were uniform. 

As a consequence, one has to give attention to a certain auxiliary 
problem of plane deformation which will now be introduced. 

§ 145. An auxiliary problem of plane deformation. The auxiliary 
problem, mentioned in the introduction to this chapter, consists of the 
following. It is required to find the elastic equilibrium of a beam, con- 
.sisting of different materials in the same manner as described at the 
beginning of § 139 and under the supposition that it is subject to plane 
deformation parallel to the plane Oxy (i.e., that w = 0 and u, v depend 
only on x, y and not on z), for the following conditions: 

1 . The external stresses, applied to the side of the bar, are equal to 
zero, i.e., 

X„ = 0, Y„ = 0, (145.1) 

where, as always, 

Xn = Xx cos (m, x) 4- Xy cos («, y), Y„= Y^ cos (n, x) + 7, cos («, y) 

and « denotes the normal to the side surface. 

2. On the dividing surfaces of the different materials 

{X„),= (X„)*, {Y„),= {Y„h, (145.2) 

where n is the normal to the (cylindrical) dividing surface in a definite 
direction and the subscripts j, k indicate the values for the materials 

♦ The problem of extension and of bending by a couple was solved by the Author w 
his paper [15]. The present chapter presents a new, more detailed study of the solution. 
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occupying the regions j, k, adjoining the dividing surface. The con- 
ditions ( 1 45.2) express that the stresses applied to elements of the dividing 
surface from either side must balance each other. 

3. The displacements undergo the following discontinuities on the 
dividing surface: 

Ui—u^ = g, v, — Vt = h, (145.3) 

where {Uj, Vj), («*, v*) are the values of the displacements on either side 
of the dividing surface and g, h are functions, given on these surfaces 
(and not depending on z). 

Since one is dealing with plane deformations and all the functions 
under consideration are independent of z, one may restrict the investi- 
gation to any transverse cross-section of the bar, just as this was done in 
the preceding chapters. 

It is easily shown by ordinary means that the solution, if it exists, will 
be unique (apart from rigid body displacement). Further, it may be 
assumed to be physically obvious that a solution exists. In fact, the 
present problem corresponds to the following physical problem which, 
for the sake of brevity, wiU be formulated for the case, where there are 
only two parts with transverse cross-sections Sj and S^, divided by the 
line L. Consider two bars which consist of the same materials as the given 
one, but which have cross-sections S[, S' 2 , different from Sj, Sj. In fact, 
let it be assumed that the cross-section is obtained from Sj by im- 
posing on the points of the line L the displacement (— — v^), while 

.S’a results from Sj by the displacement {— u^, — of the points of L; 
further, let 

Wx — th = 

If the corresponding sides of these beams with cross-sections S[, are 
now forced into contact, so that corresponding points touch each other, 
and if they are then welded together without disturbing the plane 
deformation, the compound bar, thus obtained, will exhibit exactly 
the same stresses and displacements as must be expected in the case 
of the above problem. 

The existence of the solution (under certain ordinary suppositions 
of a general character) may also be proved mathematically. This was 
done most simply in the paper [20] by D. L Sherman (mentioned already 
io § 103) who considered the case which has been called basic in § 139,1^. 
No space will be devoted here to this proof. 

With a view to what follows, it will be recalled that for plane deform- 

Theory of Elasticity 
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ation 


Z, 


Xt = Y t — ^ throughout the bar, 
/ dv \ 

= + --j = a,{X, + F,) on 


( 145 . 4 ) 

( 145 . 5 ) 


where X^, Oj are the values of the Lam6 constant and Poisson’s ratio in 
the region Sj. 


§ 146. The problem of extension and of bending by a couple. 

In the case of the compound bar for which, however, Poisson’s ratio 
was constant, the problem of extension and of bending by a couple wa.s 
solved very simply and it was found possible to investigate separately 
the problem of a tensile force with its line of action along the'iaxis Oz 
and the problems of bending by couples in planes parallel to the planes 
Oxz and Oyz. The possibility of such an independent study depended 
on the particular choice of the system of axes Oxy in the plane of the 
“left” (“lower”) end (and, in fact, the origin 0 was placed at the reduced 
centre of gravity, while the axes Ox. Oy were directed along the principal 
reduced axes of inertia of this end). 

It will be seen later that in the case of different Poisson’s ratios .such 
a choice of coordinate axes does not, in general, offer the possibility 
of solving the above-mentioned problems separately. 

However, as will be shown in § 148, one may also in the present case find a 
special system of axes which permits separate consideration of these problems; 
however, the determination of such a system requires the solution of several 
auxiliary problems of plane deformation. 

Therefore, in the present section, the system of axes Oxy will refer to 
any (rectilinear) system in the plane of the left end S and it will not be 
assumed that the plane of the bending couple is parallel to one of the 
planes Oxz, Oyz. 

1°. Let M, and ilf* denote the projections of the moment vector of the 
bending couple on to the axes Oy and Ox, and F the magnitude of the 
tensile force with line of action along the axis Oz. 

Guided by the form of the solution for the case of constant Poisson’.'! 
ratio, an attempt will be made to satisfy the conditions of the problem 
by linear combinations of the following three solutions: 

Zf = E,x, u — — \{z^ -t- — o/y®), V — — <SjXy, w xz, (146.1) 

Zf — E^, u — — OjXy, V — — i(jj® -b OF,)/® — OfX*), w == yx, (146.2) 
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Z, — Ef, « = — djX, V — Cjy, w — z, (146.3) 

in the region S, (the remaining stress components being equal to 
zero). 

If all the Poisson’s ratios were the same and if the coordinate axes 
were chosen as indicated at the beginning of this section, these solutions, 
multiplied by suitable constants (the same constants being used for 
stresses and displacements), would give those of the problems of bending 
by a couple in the plane Oxz, of bending by a couple in the plane Oyz 
and of extension by a force, directed along Oz. 

In reality, however, solutions constructed in this manner do not 
satisfy the conditions of the above-mentioned problems for the reason 
that the corresponding displacements have discontinuities on the dividing 
lines between the sections Sj, S^.. 

In order to remove these discontinuities, the solutions of three auxiliary 
problems of plane deformation will be constructed which represent 
particular cases of the problem, formulated in § 145; the functions g,h 
in the formulae (145.3) wall now be given the following values: 

«i = — °k) {x^ — y^), K = (146.1a) 

gi = K = - °ic) (y® - X^), (146.2a) 

g'a = — oTfc)*. K = — a^ifc)y (146.3a) 

on the dividing lines between the regions Sj, S*. 

For the sake of brevity, these three problems will be denoted by 
(146.1a), (146.2a), (146.3a) respectively and it will be assumed that they 
have been solved. 

The components of displacement and stress, corresponding to these 
three auxiliary problems, will be denoted by superscripts 
In particular, one will have in the region Sj 

= a,(X<‘> -H n”)- (146.16) 

(146.26) 

= aj{Xf Yf). (146.36) 

Superposition of the solutions (146.1), (146.2), (146.3), multiplied 
by certain constants a^,, respectively, and of the solutions of the 

problems (146.1a), (146.2a), (146.3a), multiplied by the same correspond- 
ing constants, is easily seen to give the solution of the problems of bending 
nnd extension of a bar for the following values of the moments M*, My of 
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the bending couple and of the magnitude F of the tensile force : 

— My = (/ji + + {/i2 + K-y^a^ + (/i3 + Ky^a^, 

— {lit + + (-^22 " f " -^ 22)^2 “ I " (^28 “ t ~ ■^ 28 )® S > ( 146 . 4 ) 

^ ~ (-^81 " I ” “ t " (-^82 “ I " ■^ 38)^2 “ t “ (-^88 “ t " ■^ 38 )® 3 > 

where 

= /*/ dy = l.Eyjj dy. (1 46.5) 

^ V 

^«8 = /*/ Ex^^^Zi^^dx dy = 'LEijf x^'^^Zf^dx dy, ■ (146.6) 

S .S’i 

a, p=: 1,2,3, 

and = x, a;*'*’ = y, x^'^^ -= 1 ; in more detail, 

lyy— II ExHx dy, 1%^= II Ey^dx dy, ly^ — Exydx dy, 

I^= II Edx dy =- Sj,., ly^ = /31 = / / Exdx dy = S^ar^. (146.5' 

^28 = hi = I j Eydx dy -= Sf^y^. 

s 

where Sg == S EySy is the same as before and x^, y^ are the coordinates 

I , 

of the reduced centre of gravity of the end S ; lyy and are reduced 
moments of inertia of the end S with regard to the axes Oy and Ox, 
and Iy 2 == /21 the reduced product of inertia. Further, 

•^11 ^ / / ^y’ ^y' ~ j I ‘^y’ 

’'ti' V s' 

j dxdy, = 1 1 yZf dxdy, K^^jj yZfdxdy, (146.6') 

H S S 

fj Z^^^dxdy, fj ZfHxdy, = jj Zfdxdy. 

's s s 

it will be assumed that these constants have been calculated. 
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The problem will be solved, when the unknown constants a^, a^, 
have been determined from the system (146.4) for given M^, Jlf,, F. 
The determinant of this system 

+ ^11 As + .K’ls As + Kx 
^ ~ Ai “i" As ^aa + 

Al -^31 As “I" .^SS As "H -^S 

(as will be proved below) is always different from zero', more exactly, 
A > 0. Hence the system (146.4) determines the constants a^, a^, a^ 
uniquely and the problem may be considered solved. 

2°. Before proceeding to the proof of the inequality A > 0, certain 
formulae will be considered which are connected With the expression for 
the potential energy of deformation and which will be required later on. 

Tt will be recalled that the following expression was introduced in 
§20; 

2W{e) — X(eax + + 2ix(«^ + 

+ 24 + 24 + 24 ) (146.7) 

which represents twice the potential energy per unit volume, corre- 
sponding to the strain components this deformation will be 

denoted by (e), and accordingly W(e) has been written above instead 
of simply W, as was done in § 20. 

The expression W{e) represents a positive definite quadratic form 
of the components of deformation {e) and it only vanishes for [e) *-= 0 
(i.e., for = Cyy = = Cy^ == = Cxy “ 0). 

It will be remembered that a quadratic form Xz x^) of the variables 

i® called positive definite, if Q(Xi, atj, . . ^n) (real) values 

of the variables, except when Xi ~ x^^ ... ~ — 0. The form is called positive 

semide finite, if for all values of the variables Q{xi,x^, . . ., x,^) > 0, i.e., if there 
exist some (real) values of Xi, x^, ...» zero, so that Cl(xi, ;r 2 , . . . , x^) = 0. 

The stress components, corresponding to the deformation (e), are 
given by the formulae 

Xx = X6 + 2[Lexiet = X6 + 2^eyy, = X0 + 2iiegg, 

Yg ^ 2yLCygf Zjp = 2llCgxf 2{X^ajy» 

(0 = eafa; + eyy + 


(146.8) 
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and, accordingly, (146.7) may be written 

2W(e) = 4- + ZyCfy + 2Ygeyy + 2Zgefg + 2Xyexy. (146.9) 

Consider now two different deformations {e') and {e”) and indicate 
the corresponding strains by one or two accents. The following expres.sion, 
analogous to (146.9), will now be introduced: 

2W(e', e") = + y;4 + + 2z;4 + 2xy^ = 

= + 2y>; + + 2x;4. (i46.io) 

If one interprets the stress components X^, etc. and X", etc. as their 
expressions in terms of the strain components etc. and et^., then 
W(e', e") reduces to a bilinear form in these last components. The equality 
between the two expressions for W(e',e''), given in (146.10), may be 
verified directly; this proves that 

W(e', e") = W(e'', e'), 

i.e., that the bilinear form W{e',e'') is symmetrical. 

If the deformations (e') and {e”) are identical, i.e., (e') = {e”) — (e), 
then 

W{e,e) = W(e), (146.11) 

where W{e) is the .same as in (146.7) or (146.9). 

It has been proved in § 20 that 


(X„u + Y„v + Z„w)d'L = 2 


W{e)dxdydz==2U, (146.12) 


where S is the surface of the deformed body, n is the outward normal 
and V is the region, occupied by the body; U denotes the potential 
energy of strain of the entire body. 

The reader will easily prove in an analogous manner the following 
formulae : 


2t/i,= Ij (Xy’+Yy + zy)dI.^2jjj W{e'.e")dxdydz, 

£ y 

2U^I = Ij (xy + y>' + = 2jjj W(e". e’)dxdydz. 


(146.13) 
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It follows from (146.10) that i.e., 

I f (X>" + y>" + = fj (X'y + vy + Z>')4S, (H6.14) 


which expre.sses the Reciprocal Theorem due to Betti (more correctly, 
the theorem of Betti has a somewhat more general form which also in- 
volves body forces). 

The preceding formulae will only be applied here to the case of plane 
deformations of a bar. In this case; X* = Y, = = 0, and all the 

functions under consideration are independent of z. Hence 


in/, /') - + va, + 2x-/„ - + Y-/„ + 2xy„ = 

— ^(^Xi “t~ ^j/w) (^xx ^yj/) ■+ ^yy^yy "t" 2^xv®x»)» (146.15) 


W[e. e) W{e) = X(^** + e,,Y + 2|ji(4 + 4 + 2e^). (146.16) 

In the case of plane strain, it is more convenient to apply the formulae 

(146.12) — (146.14) not to the entire bar, but to a segment of unit length 
included between two normal transverse cross-sections. Instead of 

(146.12) , one then obvioasly obtains 

I (X„u + Y„v)ds = 2/1 W(e)dxdy = 2U, (146.17) 


where U is now the potential energy per unit length of the bar, and, 
instead of (146.13), (146.14), 


2U. 


12 


2U. 


21 


f [xy + Yy')ds = j {xy + Y:v')ds = 


= 2 W(e\e")dxdy. (146.18) 


In these formulae S denotes the cross-section of the bar and L its boun- 
(lary. 

In the case where the displacement components, as in the auxiliary 
problem of plane deformation of § 145. have discontinuities at the dividing 
lines between the parts S„ one has to understand by L the union of the 
boundaries of these regions, so that, if is the boundary of Sj, the integral 
is to be taken along the whole of L^, and those parts of Lj which are com- 
mon to the regions Sj, Si will be covered twice, once in the capacity of 



632 


Vn EXTENSION, TORSION, BENDING 


§146 


boundary to Sj and a second time in the capacity of boundary to S,; 
see (146.21) and (146.22) below. 

3°. Consider now the proof of the inequality A > 0. Let (c^*^), («^®*), (e^®*) 
denote the deformations, corresponding to the auxiliary problems of plane 
deformation (146.1«), (146.2a), (146.3a), and 1,2,3) the ex- 

pressions (146.18) with (c^“’), (c^^^) taking the places of {e’), {e"). It will be 
proved that 

= 217,3, a, 1,2,3, (146.19) 

where are the constants, defined by (146.6); in particular, it will 
follow from this that = K^. 

For this purpose transform the formula 

2U^ - j (146.20) 

L 

in the following manner. As stated earlier, L denotes here the union of 
all contours bounding the parts Sj of the region S. Hence 

217,3 = ^ (146.21) 

i *■ ' 

Li 

where Lj is the boundary of S/ and uf \ vf^ are the boundary values of 
^(9) on Lj from the direction of the region S^; n denotes the normal 
to L, which is outward with respect to S,. 

Noting now that, by supposition, X„ = y„ == 0 on the boundary of 
S and that during the integration the dividing line L^i between S*, 5, 
is covered twice, it is easily concluded that (146.21) may be rewritten 

217,3 = L / {A:<“>(«<f> - «<P>) -f yi“’(i;f - (146.22) 

k,l J 

Lhi 

where now the lines L*.j are only covered once and v is the normal, directed 
from Sfc into Sj. 

The truth of (146.19) is easily proved by use of (146.22). Consider, 
for example, the relation = K 21 — 21/13. ®y (146.22), 

2t7i3 = S / - «<*>) + y<»(t-i2> - v^^^)}ds. 

k.l J 

Noting that by (146.2ii) 

«(*) _ = (oj — (Si)xy, 4®^ — = i(<Tfc — ffi) (y* — **) 
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and substituting these expressions in the preceding formula, one obtains 

2t7„ = S (o, - a,) f{Xi^>xy + - x>}}ds. 

kj J 

Applying to this expression the same transformation which was used 
to deduce (146.22) from (146.21), but in the opposite direction, one 
finds 

as j [X<‘>xy + - x%ds, 

where Lj and n are the same as in (146.21). 

Further, noting that 

ya' = cos («, x) + cos (n, y), 

and transforming by use of Green’s formula, one obtains 

2t7i2 = II y(^x’ + 

Since 

„ 0 , 

dx Sy 

hence, by (146.16), 

2Uiz = / / yZ^^'^dx dy = Ka- 


gy(i) ayu) 


dx 


+ 


dy 


= 0 ; 


In exactly the same manner, applying the formula 


2U 


12 




for the calculation of 2Uxt = 2Uzx> °ne finds 2t7i* — He 

2(7u = X,. = K„. as was to be proved. .„oin.rnns 

The remaining formulae (146.19) may be proved m quite an anal g 

manner; this will be left to the reader. as 

On the basis of (146.19), the determinant A may now be considered as 
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§ 146 


the discriminant of the following quadratic form in terms of a^, a^, a^: 

<* 3 ) = 2GQ(aj, * 3 ) “h 2G{Oi, < 13 ), (146.23) 

where 


3 3 

®2» ^s) ” ^ ^ -^ap ®a 

a-1 B-1 


(146.24) 


2 G(^2) ^2i ^ 3 ) — 


3 

s 


3 

s 

B~1 


■^aB®a^B 


3 

s 

1-1 


3 

s 

3-1 


^a3®«®3 


(146.25) 


It is easily seen that the quadratic form Gq is positive definite, i.e., 
that Go(«i, « 2 . * 3 ) > 0, unless = ag — 0. In fact, it follows from 

the very definition of that 


2Go(ai, « 2 , a^) = f I E{a^x + agy + a^)Hx dy, 


which proves the statement. 

It should be pointed out that it is readily verified by the help of 
(146.12) that Go(ai, a 2 . <* 3 ) itself represents the potential strain energy 
per unit length of the bar, arising from the superposition of the deform- 
ations corresponding to the solutions (146.1) — (146.3) after they have 
been multiplied by a^, a^, respectively (w'here it has been assumed that 
the comjKment parts of the bar deform independently of each other, i.e., 
that they are not welded together). 

It is likewise easily proved that the quadratic form G(«i, a^, a,,) is 
positive definite, unless all the Poisson’s ratios have the same value. 
(If this is the case, then obviously all vanish and the form G(ai, a^, 
is identically zero.) 

In fact, it may be shown that G(ai, aj, represents the potential 
energy of deformation per unit length of the bar, arising from super- 
position of the solutions of the auxiliary problems (146.1fl), (146.2fl). 
(146.3fl) after multiplying them by a^. a^, respectively. 

Indeed, let, as before, (e^^^), («^*’), be the (plane) deformations 

corresponding to the pfoblems (146.1a), (146.ia), (146.3a) and let [e] 
denote the deformation 

(e) = ai(e”>) -f ag(e<®>) -f a,(<j<*>), 

i.e., the deformation with strain components 
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By (146.17), the strain energy per unit length of the bar is given by 

217 ~ I f W{(‘)dxdy, 

s 

where W{e) is defined by (146.16). However, it is readily seen that 
W{e) = a\W{e^^'>) + alW{e^^^) + alW{e^^^) + + 

+ 2a^aiW{e^^\ e^)) + 2a^a^W{e^^\ 

and hence, taking into consideration the definition of 2U = 

— 2G(«i, a^, fls), as was to be proved. 

If not all the Poisson’s ratios have the same value and if at least one 
of the quantities a^, a^, is different from zero, deformation necessarily 
takes place and therefore U > 0. Thus the original proposition has been 
proved. 

If there is no deformation, one obviously has on the dividing lines Ljj^ between 
the parts Sp Sj^ 

where are constants; on the other hand, one must have on these lines, 

by (146.1a)— (146.3a). 

Uj — Uj, (fj. — cr^u) [iai(.r2 — y*) + a^xy 4- a^x], 

^ — ^k) ; 

it is easily verified by comparison of these expressions that, if a,- one must 

have aj ” ag = ag ~ 0, ™ — 0. 

The form being the sum of the two positive forms Gq, G 

of which the former is certainly positive definite, must also be positive 
definite. However, it is known that the discriminant of such a form is 
certainly positive; therefore the assertion made at the end of subsection 1® 
with regard to A is proved. 

NOTE 1 . The fact that Q.{a^, is positive definite could have 

been proved more simply without splitting it up into the forms Gq and G. 
Such a proof may be carried out, based on the fact that fi = G^ + 
is the potential strain energy, corresponding to the earlier stated com- 
bination of the solutions (146.1) — (146.3) and (146.1a) — (146.3a); this 
statement is easily proved directly. 

However, a different procedure has been followed here, because it 
^as desired to calculate the additional coefficients which characterize 
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the influence of the different Poisson’s ratios of the component materials. 

NOTE 2. Generally speaking, the coefficients are very small, 
if the Poisson’s ratios of the different materials do not differ much from 
each other; in other words, they are of the same order as the squares and 
products of the differences csj — <Tjt. In fact, denoting temporarily by 
the differences Cj — oi- which occur on the right-hand sides of (146.1a) — 
(146.3«) and considering as variables, it is readily verified that the 
solutions of the auxiliary problems (146.1«) — (146.3a) depend linearly 
on Further, by (146.22) and due to the fact that depend 

linearly on it is seen that depends linearly on the squares and 
products of a,*., as was to be proved. \ 

§ 147. Particular cases. 1°. Extension of a bar, having 
an axis of symmetry. It will be assumed that the axis Oz is an 
axis of symmetry of the bar, where the symmetry refers to geometrical 
as well as elastic properties. 

In that case the origin O is obviously the reduced centre of gravity 
of the “left” end. Directing the axes Ox, Oy along the reduced axes 
of inertia of this end, one has — 0- Further, on the basis of the sym- 
metry and of the form of the functions gg, hg in the formulae (146.3a), 
it is easily seen that the solution of the corresponding auxiliary problem 
will likewise be symmetrical about 0 and, in particular, that 

Zf\— X, —y) = Zf\x, y). 

% 

It follows from this that 

^31 = -K-ja = xZ^^Hxdy - 0, Kgg==Ka=- j j yZfix dy = 0. 
Hence the equations (146.4) have the form (remembering that Xg = := 0) 

— Af„ = {III + 

Mg =■ KgiUi -|- (^2* -f- 

F = {Sj,- “t” Kg^ag. 

If it is proposed to solve the problem of extension by a force of magni- 
tude F, directed along the axis of symmetry Oz, one must put in these 
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equations M* = = 0, i.e., Ux — a^ — 0, and 

F 

a. . 

+ -^33 


(147.1) 


If all the Poisson ratios of the different materials, constituting the 
bar, have the same value, then — 0, and one obtains the result, 
deduced earlier. If not all the a’s are equal, then necessarily > 0. 


In the last case, the quadratic form 2G(aj, a^, a^) is positive definite and therefore 
all the coefficients K^, are positive; this follows from the fact that 

Ku = 2G(1, 0. 0). etc. 


Since flg represents the relative lengthening of the bar as the result 
of F, Sj,; 4- ^33 is the rigidity of extension and the preceding formula 
shows that the difference of Poisson’s ratios {for constant Sj^ increases the 
rigidity of extension, independently of the sign of the difference Oj — o». 

2°. Bar with plane of symmetry, bent by a couple. 
Let Oxz be the plane of symmetry of the bar (as regards its geometry as 
well as its elastic properties). It may then be assumed that 0 coincides 
with the reduced centre of gravity of the "left” end; the axes Ox, Oy 
are again to be principal reduced axes of inertia of this end with regard 
to 0. 

For this choice of axes, one has in (146.4) ; = 0. Further, 

on the ba.sis of the S 5 mmietry and of the form of the functions gj, Aj 
in (146.1a), it is easily concluded that the solution of the corresponding 
problem of plane deformation is likewise symmetrical with regard to Ox', 
in particular, —y)~ Z^”(x, y). Similarly, one finds — y) = 

-- — Zf^{x, y). Hence 

iC,, = yZ^^^dx dy = 0, Z^^^dx dy == 0 

and the equations (146.4) take the form 

My ^ {III + 

M, = (/„ + K^)a^, (147.2) 

F = + (5g + ii^33)<*3- 

If it is desired to solve the problem of bending by a couple whose plane 
is perpendicular to the plane of symmetry, one has My = 0, F — O', 
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hence ax — a^ — 0 and 


Ugt 






22 


(147.3) 


where > 0, unless all the Poisson’s ratios have the same value. 

However, if it is proposed to solve the problem of bending by a couple 
whose plane is parallel to the plane of symmetry, one has M„ = 0, F = 0; 
hence 


a^ — 0 , 


fls = — - 


aiK, 

Se + K, 


31 


33 


~ “1 — 




(147.4) 


where 


K^K. 


KU 


11 


Se+K; 


33 


Se + K33 


K\3 


(147.5) 


If not all CTjt have the same value, then K > 0, because — K\^ > 0, 

as this is the discriminant of the positive definite quadratic form in the 
variables a^ 

2G(a^, 0, a^ — + 2 ,K.-y^a-ia^ -f- A33A3. 


It is easily seen that in both the above cases the Bernoulli-Euler law 
holds true and that in the first case the flexural rigidity is equal to 


( 147 . 6 ) 

while in the second case it is given by 

Ax + K- (147.7) 

it must not be forgotten that Aj and Ax are now reduced moments of 
inertia about the axes Ox, Oy. 

It is seen that in both cases the difference of the Poisson’s ratios in- 
creases the flexural rigidity {jor constant Ax 1 2^, independently of 

the sign of — o*. 

Some simple examples will be presented in § 149. 


§ 148. Principal axis of extension and principal planes of 
bending. The equations (146.4) may be considerably simplified, if the 
arbitrary system of coordinate axes Oxy in the plane of the "left 
(“lower”) end is replaced by another system O'x'y' in the same plane, 
where the new axis O'z' is given the same direction as the old axis Oz. 
In fact, as will be seen below, this new coordinate system may be chosen 
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in such a way that on the right-hand sides of the equations (146.4) 
all but the coefficignts on the main diagonal vanish. 

Let denote the constants for the system O'x'y' , corresponding 
to the constants for the system Oxy. The relations expressing K'^ in 
terms of are easily found; this will be left to the reader (cf. Note at 
the end of this section), and so, in what follows, only those relations 
will be deduced which are required in the later reasoning. 

For greater clarity, the transit to the new axes will be carried out in 
two steps, producing a translation of the origin and a rotation of the 
coordinate axes. 

Let the new system O'x'y' only differ from the old system Oxy by the 
position of the origin and let u, b be the coordinates of the new origin in 
the old system, .so that 

x' — X — a, y' z=i y — 

It is easily seen that in the present case A '33 = K^. In fact, in the auxi- 
liary problem corresponding to (146.3a), but in the new coordinates 
O'x'y', one will have for the discontinuities in the displacements on the 
dividing lines 

«,• — Uk= — <^k)x' = {Oj — Ufc) (x — a) = {<7j — a^)x + const., 
vj — {di - 5 *)y' = (di - (Tt) (y - 6 ) = {d,- — d^)y -f const., 

and clearly the solution of this problem leads to the .same stress distri- 
bution as the solution of the problem for the following discontinuities: 

— «* = {dj — dt)x, Vj — Vk= {dj — d^y, 

because the constants in the previous formulae may be removed by rigid 
translations of some of the parts, constituting the bar. Thus, in particular, 
the stress component will be the same for these auxiliary problems 
in the systems Oxy and O'x'y'. This means that 

Ks, I j Zf^dx dy 

remains unchanged for the transit to the new system. 

Next, the constants — K'^i and will calculated. 

Using (146.6') and the above result regarding Zf^, one has 

jj x'Zfdx' dy' = (X - a)Z<^^dx dy. 
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whence 

similarly 


^13 = 


K'n 


aK. 


(148.1) 


•^as — (148.2) 

Denoting by the quantities, defined for O'x'y* in the same way as 
was defined for Oxy, the coordinates a, h will be chosen such that 

+ -^13 — " t " -^13 ~ -^23 " i " -^23 ~ ^^^0 " i " -^23 

or, since % = *o ” = y© ““ o”® obtains by the preceding formulae 

^ •5/5^0 “(■ ^13 j ^kVo "i" -^as 

" 1 “ -^38 ~ t " -^33 

With these values of a and b, the formulae, corresponding to (146.4), 
but for the new system of axes, acquire the simpler form 

— My — (/ii + + (Aa + ■^ia)'*a> 

Mx = (/©i + + (-^aa + (148.4) 

F — (Sjj; + 


(148.3) 


where, for simplicity, accents have been omitted, i.e., My, Af», /^g, 
have been written instead of 7^3, Accordingly, the new 

system of axes O'x'y' will now again be denoted by Oxy, 

The new axis Oz will be called principal axis of extension (compression). 

The principal axis of extension may also be determined in the following manner. 
In (146.4), let == ™ 0, i=- 0. Then 

Jlf ^ = (S^Xq -t' ^13)^3, M j. ~ {^Ey^ ^ ^ ^22)^2' 

Thus, in the present case, the forces applied to the "right" end are statically 
equivalent to a tensile force of magnitude F ^ 0» directed along the axis Oz, and 
to a couple with moment perpendicular to the line of action of the force. However, 
such a system of forces is known to be statically equivalent to a force of the same 
direction and magnitude. The line of action of this last force is easily found and it 
is the principal axis of extension, defined above. 

This term is justified by the fact that, if tensile forces of magnitude 
F be applied to the ends of the bar for which the line of action is the 
principal axis of extension, the solution of the problem will be obtained 
by putting a^^ a^=:^ 0, 

_ F 

so that the extension will not be accompanied by bending. 
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The preceding Wclae eho» that the rtgidity o, exteneioe is equal to 

Sj, 4- /r,. 

C- .* ^-^^38- (,4Q5t 

Since for different Poisson's ratios K ^ . 

ference of Poisson’s ratios (for constat 5 \ 1 
extension, independentty of the sign of « ^*^‘^eases the rigidity of 
had been observed above for a case Jnth ‘^*’^‘=’™stance which 

The formulae (148.4) 

rotation of the axes Oxy in their plane. ““Phited by means of a 

If the new system of axes O'x’y' is obtained fro,,, +1, 
rotation through an angle a, then ^ system by 

= X' cos a - y' sin «, y = « + y ,^3 

xcosa + ysina, y = — x sin a + y cos a. (148.7) 

expilssedi^teSs^fifF^^ wiUnowbe 

iHohlemscorresporrding^l^e^,^-^^^^^ 

the auxiliary problems in the new system mparea with 

The discontinuities of the displacements for the above-mentioned 
problems m the old system are given by mentioned 

lU - = i(cr, - a,) (x* - y2). (a, - a,)xy (I) 

for the problem (146. la), 


Ui — Ut: = (<T^ — <T^);cy^ y. _ 

for the problem (146.2a). Correspondingly, one has for the new system 

Uf — «* = J(oy — o^) {x'^ _ —v'^— _ at)x'y' (F) 

and 

«/ - % = UOi - a^)xy. v; - vl = (a, - (T,) (y'2 _ x'^), (H') 

t^®se problems, the boundary conditions (I') and 
)mo expressed in terms of the old coordinates x, y. In fact, by 

U'*o.7), one obtains instead of (I') 

“/—«* = i(<T* — Hi) (x® — y®) cos 2a 4- (ff; — at)xy sin 2a, 

— K = (Oi — <yk)xy cos 2a — |(at^ - or*) (x® — y®) sin 2a. 

^ troducing now instead of Uj — u'^, vj — the quantities Uj — «*, 

1 *'*, expresang the same discontinuities in terms of the old coordinates, 

Theory of ElasUcity 4, 
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and taking into consideration that 

— ■M* s= («y — «j^) COS a — (Vf — v'f) sin «, 
Vf — Vt— {Uj — ul) sin a + (w/ — cos a, 

one obtains 


Ui ~u„ = — Ofc) (x* — y*) cos a + (e^ — aji)xy sin a, 

Vi — v,e— (Oi — ®ft)*y cos a 4 - i(ai — o*) (y* — x*} sin a. 


(148.8) 


The deduction of (148.8) may be simplified by considering, instead of x, y and 
M, V. the variables x + iy and m + iv. 

\\ 

Thus it is seen that the solution of the problem, corresponding, to (I'), 
may be obtained by adding the solutions of the problems, corresponding 
to (I) and (II), which must be multiplied beforehand by cos a and, sin a 
respectively. Hence, if denotes the component corresponding to 
the problem (I'), and Zf\ as before, the stress components Z,, 
corresponding to the problems (I), (II), then 

= Z'-g^ cos a 4- sin a. (148.9) 

Similarly, one obtains for the problem (IT) 

Z'W ^ _ ^a) sin a + > cos a. ( 1 48. 1 0) 


Using (148.9) and (148.10), the quantities K[i, K 22 are easily 
expressed in terms of K^, K 12 , Kzz- For example, 

KI2 = Ki = jj yZ'^^^dx’ dy' 

Cy 

=J j' {— X sin a + y cos a) (Z^^^ cos x 4- sin x)dx dy, 


whence 


$^y 2 “^^12 cos 2flt ^(.^^11 ”” ^^22) Sin 2oc. 


(148.11) 


The expressions for Kyy and K 22 may be deducejd by the reader (cf. Note 
at the end of this section). 

Now the expression will be deduced for the reduced product of inertia 
/j 2 in the new system. One has 


In = JJ Ex’y'dx' dy' = J J E{x cos a 4 - y sin «) (— * sin a 4 * ycois«)dxdy, 
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whence 

(,48,, 3, 

The angle e will now be chosen in snch a manner that 

Aa + -K^ia = I 21 + 2^21 = 0. 

By (148.11) and (148.12), one obtains 
(hz + ^jj) cos 2a - i(/j^ + 

whence 

tan 2a = — + ^12) 


(148,13) 


-^22 — K 22 ) sin 2a = 0. 


hi + K,,~r 


K„ 


(148.14) 


Giving « one oi the values, satisfying this condition (the other values 

dt tne beginning of the present section, 

- My = {In + K[,)a,. M,. = {!’, + K',,)a„ F = (S^ + K^)a„ 
because, as is readily seen, one has in the new system l[^ + K' = 
13 . I 23 + /iL23 = — 0, and, in addition, 

^,33 ~ -n-jj. 

Tt ^ called principal planes of bending. 

arg. rh principal axis of extension and if Ox'z, Oy'z 

with bending, the problems of extension by forL 

to Oa'? bending by couples with planes parallel 

Ox z, Oy z may be solved independently of each other. 

mitting the accents, the last equations may be rewritten as 
-■^« = (/u + ii:„)a,. M^={I„ + K^^a,. F={S^ + K„)a,. ( 148 . 15 ) 

It *s seen that the law of Bemoulli-Euler is valid for bending by couples 

e planes Oxz, Oyz and that the respective flexural rigidities are 
given by 

+ Kn, /j2 + ^Lg,; 

the rigidity of extension is again equal to 

"i” H-ti' 


(148.16) 
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NOTE. It will be left to the reader to verify that for transition from 
one system of axes Oxy to another O'x'y' the quantities are trans- 
formed in accordance with the same formulae as the quantities 4s. 

Instead of a simple verification, this property may be deduced by investigating 
the general expression for the strain energy of the deformed bar. 

For example, for a translation of the origin 0 to a new position 0\a, h) 

/„ = j jsx'Hx' dy' = Jj E(x — a)Hx dy == — 2«/ij + aH^) 

V .S' 

in correspondence with this one has \ 

K[^ = ifn - 2aK^z + a^K^. 

It follows from this result that, from the point of view of simplifying 
the notation, it would have been expedient not to consider the quantities 
K^, /^pseparately, but to consider their sums 1*^ = which alone 

occur in ( 146 . 4 ). This has not been done (cf. § 146 , Note 1 ), because 
it was desired to distinguish clearly the terms which only occur in the 
case where Oj — ^ 0. 


§ 149. Application of complex representation. Examples. In 

order to find the solutions of the auxiliary problems of plane deformation, 
it is convenient, as in many other cases, to use functions of the complex 
variable 

3 = * + fy- 

The general solution of the equations of plane elasticity for a ho- 
mogeneous isotropic body (§ 32) will now be written in the form 

« + = af(3) — P3<p'(5) — P4»(3), (149.1) 

X, + y, %'(3). 2iX, = 2[3 <p"( 3) -f <l/'(3)]. (149-2) 

where <p( 3 ), 4 ’( 3 ) are anal 5 rtic functions of 5 in the region under con- 
sideration and 

X ^ X-hSp . (3-4q)(l+q) ^ 1 _ 1 + ^ 

* 2|x ’2p(X + p) E ' ^ 2\i E 

In the case of the auxiliary problem of § 145, the constants «, P have 
different values «/, p, in the regicms S,, constituting the cross-section 
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of the bax, and the functions 9(3). 4 * (3) holomorphic in each of these 
regions (the multi-valued terms in the functions 9, 4; drop out in the 
present case, because the resultant vectors of the forces, applied to the 
boundaries of the regions Sj, are all equal to zero). 

It will be recalled that the components X„, y„ of the stress vector, 
applied to the element ds of any contour from the positive direction 
of the normal n, are given by 

{X„ -h iY^)ds = - ii[(p{3) + 3^^) + (149.4) 

where it has been assumed that the positive directions of the normal » 
and of the element ds are orientated with respect to each other as the 
axes Ox, Oy. 

In correspondence with this, the condition (145.1) may now be written 

9(3) + 39'(3) + 4 '( 3 ) == const. (149.5) 

on the boundary of the region S, while (145.2) becomes 

[9(3) H- 39'(3) + 4^(3)3i = [9(3) + S9'(3) + 4'(3)]4 + const. (149.6) 
on the dividing lines between the parts Sf, S*. 

Further, the condition (145.3) takes the form 

[«9(3) — P39'(3) - ^4^(3)]/ - [*9(3) - P39'(3) - P4'(3)]* = / (149.7) 

on the dividing lines between Sj, Sj., where / denotes functions given on 
these lines. In the cases (146.1a), (146.2a), (146.3a) respectively one will 
have 


/ = gi + ihi = i(o# - ®»)3®. 

(I49.81) 

f = gi + iht=-^ {oj - a^)f. 

(149.8,) 

/ = gs + **3 = — ®»)3- 

(149.8,) 


As an example, the case will be considered where the free surface is 
a circular cylinder and the dividing surface between the two materials 
is likewise a circular cylinder with the same axis. Let the region Sj be 
bounded by a circle with radius Ri and the region Sj by the same circle 
and a circle with radius R^i the origin 0 will be placed at the centre of 
these circles. 

As a consequence of the symmetry, it is obvious that the axis Oz 
be the principal axis of extension and that the planes Oxz, Oyz will 
be principal plan^ of bending. 
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In the present case, the solutions of the auxiliary problems are easity 
found by expanding the functions 9 and t{' in the regions Sj and 5, in 
positive and in negative and positive powers of 3 respectively. Substitut- 
ing in ( 1 49,5) ,( 1 49.6) and { 1 49.7) , the coefficients are immediately determin- 
ed; any arbitrary constants which may occur do not influence the stress 
distribution (because of the uniqueness of the solutions of the problems). 

However, the, case to be considered here is somewhat simpler, as the 
form of the solutions may be guessed immediately and, instead of infinite 
series, only a few terms need be retained (see later). 


1 °. The problem of extension will be solved first. It is easily jessed 
that it will be sufficient to write in this case ’ 


<Pi(3) = +1(3) = 0 in Si. 

Jg 

92(3) = ^23. +2(3) = 

where A^, A 2 , jBj are real constants and the subscripts 1 and 2 with 
the functions <p and indicate the relationship of the functions to the 
regions Sj, Sj. 

For / = (oj — flrj)3, the conditions (149.5), (149.6) and (149.7) respec- 
tively give, omitting arbitrary constants, 

2^23 + = 0 for I 3 I = 

24i3 = 2.4 j 3 + Bj 3 -i for | 3 | = i?i, (149.9) 

(“1 — Pl)-'^l3 ~ (*2 ^-^23 ^2^23”^ "H (®1 ^2)3 I 3 I “ 

Further, for 3 = re**, 3 = re“**, one obtains, after division by e’*, 

2 ^ 2^2 + 4 - = 0 ' + 4 ^' 

/V2 

(“1 ~ = (“2 P2)-^2^1 + (®1 “ °»)^V 

Hence 

. («Ti-<T,)(i?l-jg;) 

(«! - Pi) {Rl -Rl ) -f (a, - P,)i?? -f 2P^| ’ 

A (Pi - °«)^i ^ (149.10) 

(«i-pi)(l?|-l?f)-h(«,-P,)i?? + 2M| 

2 (oi C|)i?ii?| 

’ (<Ti - Pi) (ie| - Rl) -!-(«,- p,)i?! + 2p^3 ’ 
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the quantities «i, pi, a,, p, are given by (149.3), where E and a must be 
given the corresponding subscripts; in fact, 








L± 

E 


Since always < i, these expressions are all positive. 

Superimposing the above solution of the auxiliary problem, after 
multiplication by a^, on the solution (146.3) which must also be multiplied 
by ag, one obtains the solution of the original problem, provided ag is 
given the value 




(149.11) 


where F is the magnitude of the tensile force, 


= S^E^ + Sg£g = + {Rl - Rl)E^, 


(149.12) 


ZfUxdy 


and 

+ Y|®^) in Sj {j = 1,2) in the notation of § 146. 

In the present case 

a,(Xf + = 4a, = 40,^4, in S, (/ = 1, 2). 

Hence 

■^83 ~ 4(Sjai24i -i- SgOg^lg) = 

jgv 

(ai - po (/e| -/??) + («3 - + 2pg/?| ' 

as was to be expected, for oj yi= Og, Kg^ > 0, as it only contains the 
factor (o, — a,)*. 

2°. Next mnsjder the problem of bending by a couple, assuming its 
plane to be parallel to Oxz. In this case the conditions of the auxili^ 
problem of plane deformation, corresponding to (149.8i), may be satisfied 
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by -writing 


9i = = 0 

9i — ^i3^> 4*2 — “ 


in Sj, 
+ Cj in Sj, 


(149.14) 


where A^, A^, Cg are real constants. 

Substituting these expressions in (149.5), (149.6) and (149.17) with 
/ = |(<Ti — 02)3® gives, as in the preceding example, four equations 
for the determination of the constants A^, A^ B^, Cg which are easily 
solved and render the values of these constants. Only the expfiessions 
for the first three of these constants will be given here, since Cg 4 tcs not 
influence the stress distribution: 1\ 


A,= - 


^2= i- 


(149.15) 


_ (<Ti-(Tg)(i?|-ie«) 

^ '•ai(/2|-i?J) + agi?J + Ml’ 

A _ (®1 ~ ®2)-^l 

" «j(i?| - 2?f) + ^ ^ 

B = 4 (0^1 - 

The stress \ corresponding to this auxiliary problem, is given by 
= ar,(X(« + Y<‘>) = 4(7, 9t9'(3) = 80, .4,* in S, (; = 1, 2). 
Hence, in the notation of § 146, 

JCjj = j' j' xZ^g^dx dy = Ba^Ai j j x^dxdy + Scg^g x^dx dy = 


2naxAyR\ + 27t<Tg^g(i?2 - Rf) 


or, by (149.15), 


7r((T, - (7g)^(j?^ - 

*1(^2 — -^l) H“ *2^1 -H" ^2^2 


(149.16) 


Tlius, the flexural rigidity is equal to 

/fi + ifii 0^9.17) 

(where has been written instead of In) ; one has for Ig the formula 

/n = “ M 4- S»(RI - Ri)]. (149.18) 
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As was to be expected, for ^ if,, > 0, as it onl/ contains the 
factor (oi — 

§ 150. Problem of bending by a transverse force. 

The solution, presented in this section, was given by A. K. Rukhadze [3]' 
however, not all statements in that paper are correct. They will only be so, if by 
the system of axes Oxyx is understood the system which will be used below and 
not that used by A. K. Rukhadze and if one (inessential) modification is introduced 
into his reasoning. 

Let the axis Oz be the principal axis of extension and the planes Oxz, 
Oyz the principal planes of bending (§ 148). For such a system one has. 
in the notation of § 146, 

-^13 + -^13 = + -^13 = 0> -^23 + ^23 = — 0, 

A2 + ii:i2 = 0, (150.1) 

where x^, y/g denote the coordinates of the reduced centre of gravity 
of the “left” end. 

It will be assumed that the bending force of magnitude W is applied 
at the point, where the axis Oz intersects the "right” (“upper”) end, and 
that it is directed parallel to Ox. 

The solution for the general case will be obtained by combining the 
solution of the above problem with the analogous solution, obtained by 
interchanging the roles of Ox, Oy. 

Guided by the form of the solution, obtained in § 144 for the case of 
constant Poisson's ratio, the solution of the present problem will be 
sought in the form 

«<“> = — Tyz + — z) {x^ y®) + — iz®]. 

— xxz -f Aaj{l — z)xy, (150.2) 

T 9 (*, y) — A[x{x, y) + x{lz — \z^) + *y®] 

in the regions in these formulae t, A are constants, subject to defi- 
nition, <p(x, y) is the torsion function, defined as in § 139, and x(*» V) 
is some functions, contifwous throughout S and subject to definition. 

The stress components, corresponding to (150.2), are given in the 
regions S, by the formulae 

XW = yf = = 0, 


(150.3) 
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(^ - y) - + (1 - 

Y<®> = Tfi, (■^■*' *) “ -f (2 4- Oi)*y]|» (150.4) 

Zf = - KS - z)x. 

where 

Bt = A\i„ K, = AE,. (150.5) 

« 

The displacements (150.2) cannot satisfy the conditions of the problem, 
because «, v are not continuous for a passage through the div^ing line 
of the regions Sj. S*; in fact, on these lines . 

uf'* — = iA{af — <T*) {I — z) (*® — y®). ^150 6 ) 

„(0) _ y(0) ==A(a,- a*) {I - z)xy. 

These discontinuities cannot be removed by finding a solution of the 
problem of plane deformation, since they depend al^ on z. 

However, a beginning will be made with the solution of the auxiliary 
problem of plane deformation, formulated in § 145, for the following 
discontinuities in the displacement components on the dividing lines: 
= g = - u,) (xz - yz). v, ~ h = {p, - o*)*y; (150.7) 


this is the problem (146.1«) 

As in § 146, denote the stress and displacement components, corre- 
sponding to this problem, by the relevant symbols with the superscnpt 
and assume the auxiliary problem to have been solved; consider now 
the spatial deformation, characterized by the following displacement 
components: 




{I - z)u^^\ V* = {I- z)v' 


,(») 




0 . 


(150.8) 


The corresponding stress components are given by 

X* = (/-x)Xi» Y*^{l-z)Y<^\ X!; = (I - z)Xl^\ (150.9) 
z: = {l- 2)Z<» «T,(f - Z) (X<?> + yW). (150.10) 

y*== fty” 

in the regions S^. . • hv 

Finally, the deformation will be written down which is obtained oy 

superposition of the deformations, corresponding to (150.2) and (15 • )> 
where the last is to be multiplied by - A. i.e., the deformation, corre- 
sponding to the displacements 

u «<*> - Au*, V =» - /4»*. ui =» (15°' * ^ 
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different tt 


The corresponding stress components are pven by 

AXt, Y.= Y(0)_^y*, Z^^Zf^-AZ*, 


Yi<» 


AY*, Z. = 40)--^Z* X,=.X<J»~AX*. 


(150.13) 


- ^ y 

Substituting these values in the equilibrium equations, it is readily 
verified that they will be satisfied, provided the function x(*, y) satisfies 
the equation 

^x(^. y) = p(*. y) (150.14) 

in each of the regions S,. where 


p(^,y) = A±l^i£.e(i), e<» 

V-i 


+ ---inS,: 


dx 


(150.15) 


it may be assumed that this function is given, since the auxiliary problem 
of plane deformation has been assumed to be solved. 

Further, supposing for definiteness that one is dealing with the basic 
case of a compound bar (§ 1 39, 1 °) and formulating the boundary conditions 
on the free surface and on the dividing surfaces, one easily obtains, in 
the former notation. 


M-o 




fi on Lj 


(150.16) 


(/ == 1,2, . . . , w + 1 . |r.m+i = 0), where the functions 
f}= — {4((io®o — 4- 

+ [l^O (l - “ -j) ] (Xi«)*>}cos («, *) - 

- {[{^(2 + Oo) — H-i(2 + cr,)]xy — cos («, y) (150.17) 

are known on Lj. 

One has thus arrived at the familiar boundary problem (150.16), 
except that the unknown function x(*>y) <^oes not this time satisfy 
the Laplace equation Ax = 0, but the somewhat more general Poisson 
equation (150.14). 

However, this problem is easily reduced to the case where the unknown 
function satisifiw Laplace’s equation. In fact, let xo(*> y) ^.ny particu- 
lar solution of (150.14); su^ a particular solution is always easily 
found. 



652 


VIl. EXTENSION, TORSION, BENDING 


§150 


* For example, it is known that the logarithmic potential 

X»(^. 

s 

is such a particular solution, where r* = {;r — 5)* + O' — ■»})*• 1° practice, however, 
it is usually more convenient to find a particular solution by different elementary 
methods. 


Writing 


x(*. y) = xo{*. y) + x*(*. y)> 


1(150.18) 


where y^{x,y) is a new unknown function which obviously Satisfies 
the equation Ax* = 0, one arrives at the boundary conditions 

=/*onL,(y = 1.2 w + l;ti„+i = 0), (150.19) 


where 


It is known that the condition of solubility of the problem (150.19) is 
given by 


m-i'l r 

2 / ffds^O. 

/-I J 


( 150 . 21 ) 


This formula will be somewhat simplified. Substituting for /* its expres- 
sion (150.20), one obtains 

Jjf hi 

or, transforming the last integrals by use of Green’s formula, 

”*L^ jtAs — 1^0 ^y — J-v-i j j ^y ~ 

L, So 

= j^fids-jJiiAxJxdy^O 
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or, remembering that Axo = p(», y), 
m+l r 
S \f^s- 
i-lJ 

Li S 


// 


\jj^x dy == 0. 


f 

(150.22) 


It will now be verified as to whether in the present case this condition 
is satisfied. Substituting in (150.22) for /,- from (150.17) and transforming 
the integrals by means of Green’s formula, one readily finds that (150.22) 
reduces in the present case to the following condition: 


— j j 2(i(l + a)xdxdy + j'J y.6^^^dxdy — JJ jxp dxdy ^ 0 


or, since 


2tx(l +<y) = E. (xp = (X + fx)6<i>. xe<‘> = Zi^\ 


to the condition 


or, finally, to 


j j Exdx dy — j’ j Z^^^dx dy — 0 


"i” ^13 — 


how’ever, this last condition is imposed by (150.1). 

Thus, in the present case, the boundary problem (150.16) is soluble; 
its solution is determined, apart from an arbitrary constant term which 
does not influence the stress distribution. 

If one substitutes this solution for xi^’V) (150.2), the formulae 
(150.12), (150.13) then determine the solution of the original problem 
which satisfies all the required conditions on the side surface and on the 
dividing surfaces. 

It will now be shown that the constants A and t may always be chosen 
in such a manner that the forces, applied to the “right” (“upper”) end, 
likewise satisfy the required conditions. For this purpose the resultant 
vector {X, Y, Z) and the resultant moment of these forces will be calcu- 
lated. Since for z ~ 1: = Z* = 0, one obviously has Z = 0. Further, 

X = j fx, dx dy. (150.23) 

s 

TThls formula will now be transformed. By the equilibrium equation, 

az, . az, , az. 
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Substituting for Z* = - AZ* its value, given by (150.4), (150.5) 

and (150.10), one finds 

8Z. ^ ^ ^ Q 5^ JJ50 24) 

dx dy 

Thus, one may write 

X, = + ^^AA+ A{E,x + Z«>) « in Si. 

dx dy 

Consequently (150.23) may be rewritten 

A ^I^Jex^ dx dy + jjx^dx dyj. 

s ^ *' \ 

Transforming the first int^al by use of Green’s formula, it is' readily 
verified that it is equal to zero. Hence, in the notation of § 146, 

X - A{In + Kn). (150.25) 

Further, one finds by the same method 


y = j'J Ygdxdy — A{Iii + f^i*)i 


whence it follows, by (150.1), that Y == 0. , „ • i. m 

Thus the resultant vector of the external forces, applied to the right 

end, is parallel to the axis Ox. 

It is also easily seen that the resultant moment of these forces about 
the point of intersection between the axis Oz and the “right” end is 
parallel to Oz and that its magnitude is given by 

Si 

_ (2 + io,)x»y}«fx dy + A'Z\Lfjj (w‘” - iy, (150-26) 

Bi 

where D is the torsional rigidity which is known to be always larger 
ibsjxzero. 

Consequently, all the conditions of the problm will be ’ 

tuovided the constants A and T.are chosen in such a manner that X — 
M 0 rc^iectiydiy. The first cMidition, taking into considera i 
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yy 


+ K„ 


( 150 ^) 


™ ‘k' -o-d condition detenninas a, 

Thus the problem is solved. It is readilv i • i 

ae ^^nlH-Enier Uw .angina v Jd and J ^ 

(150.28) 

as in the case of bending by a couple 

Wh» tha dividing lina and tha axtamal boundary of tha ragion S ara 
concan no c.rci« as m tha axampla of tha prodding sadion thrp^w 
IS readily solved in closed form. ^ ^ proDiem 
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ON THE CONCEPT OF A TENSOR 

1 . Tensor calculus has rapidly achieved recognition in pure as well 
as in apphed contemporary mathematics and is beginning to ent^ into 
technical literature, in particular, into the literature dealing wim the 
theory of elasticity. For this reason it is considered necessary ta give 
here at least an elementary introduction to the concept of a hnsor 
which, for the sake of simplicity, will be confined exclusivelytooithogonal 
coordinates. It should, however, be noted that the principal advantage 
of tensor calculus arises in its application to curvilinear coordinates of 
the general type. In order to give the subsequent definition of a tensor 
a more natural background, certain remarks will first be made with regard 
to the concept of a vector (since a vector is a particular type of a tensor, 
in fact, it is a first order tensor). 

It win be assumed that the ordinary geometrical definition of a vector 
as a straight segment which has direction is known. Further, coordinate 
axes will not be denoted by Ox, Oy, Oz, as in elementary analytical 
geometry, but by Ox-^, Oxg, Oxj. Correspondingly, the components of 

a vector P will not be denoted by t), C as in the main part of this 
book, but by 

Only the length and direction of the vector, and not the position of 
its starting point, will be considered; thus, a vector will be considered 
completely known, if its components 5 *, ^3 (i.e., its projections on 

the coordinate axes) are given. The vector P with components ^g, ^3 
will be denoted by {^i, ^) or, still more briefly, by {^t) ; the index i 

takes then the values 1 , 2, 3. 

Thus, a vector in space is characterized by three scalar quantities. 

Many physical and geometrical quantities exist which for a %wen 
choice of coordinate axes are likewise characterized by three scalars, for 
exam|de; velocity, force (applied to a given point), etc. However, not 
every such quantity can be represented as a vector, as may, for example 
be done with a velocity or a force. In fact, let $3 be scalars character- 
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ijdng a. given ii^ysical quantity for a given choice of cdsrdine^ a^e$i 

One may, of course, always construct a vector 

with components 5, and claim that it represents the given physical 
quantity for the given choice of coordinate axes. However, this relation 
between the given quantity* and the vector may be disturbed, if the 
system of coordinate axes is replaced by another one. In fact, it may 
happen that the scalars ^j, ?3, characterizing the original physical 

quantity in the new coordinate system, do not coincide with the com- 

ponents of the vector P in the new system, i.e., the vector P', having 

in the new coordinate system the components . Iz, Sg. may differ from P. 
In order that the representation of a physical quantity be independent 
of the choice of the coordinate system, it is obviously necessary that 
the scalars 5i. ^2, 5s> characterizing it, transform in the transition from 
one coordinate system to another according to the same law as the 
components of a vector. It may only then be said that the given physical 
quantity is represented by a vector, or that it is a vectorial quantity. 
In future, vectorial quantities will often simply be called vectors, i.e., 
they wUl be identified with the vectors, representing them. 

The law by which the components of vectors change during transition 
from one coordinate system to another will now be recalled. The notation, 
used in the main part of this book, will be somewhat modified. In fact, 
the cosines of the angles between the old and new axes will now be 
denoted by 




Xt 

*8 


In 

h% 

hs 

x't 

hi 

^22 

^23 

*3 

hi 

^ S2 

^33 


The relations between the new components C3 of a vector P and 

its old coniponents 5i, It. ^3 may then be written 

= ( 1 . 1 . 1 ) 

<-i fc-i 

The following well known relations hold between the elements of 

Thwwy of Elasticity , ^ i 




where A, P denote the lengths of the vectors P; it is thus seen that 
the scalar product does not depend on the choice of coordinate axes, 
i.e., that 

<* 1^1 + <* 2^2 + = * 1^1 + ^* 2^2 + ( 1 . 1 . 3 ) 

The reader will easily verify this formula directly from (1.1.1) and ( 1 . 1 . 2 ) 
Conversely, it will now be shown that, if a*, a^ are three scalars 
which are related to the coordinate axes in such a manner that the 
linear form ^ 

F — a^^i - f - aj^j " i " ( 1 . 1 .^) 

where ^3 are the components of an arbitrary vector, is invariant 

for the transition from one coordinate system to another, then the 
triad of numbers {ai, a„ a,) represents a vectorial quantity (i.e., a vector). 
In order to prove this statement, it is sufficient to verify that the quan- 
tities 8 i, a*. Of transform for the passage from one coordinate system to 
another by the same law (1.1.1) as the components of a vector. In fact, 
one has by supposition 

4 *-i *-1 



'-M?PE3S^ t '^9 

r * 

substituting bn tb* nghtrhand Mde for the expression' (1.1.1), one 
obtains 

S 2 £ = 2 E f <*«»;• 

Since this equality must hold true for any values of the co- 

efficients of ^ must be equal; hence 

a’i=-Llt^a^. (1.1. j) 

fc-i 

and this formula agrees with the second formula of (1 . 1 . 1), if « is replaced 
by 1. The proposition is thus proved. Therefore; 

If the linear form 

is invariant for coordinate transformation and are the components of 
an arbitrary vector, then are likewise the components of a vector. 

2. Generalizing the concept of a vector, based solely on the above 
stated property, one arrives by a natural process at the concept of a tensor. 
In fact, instead of the linear form (1.1.4), consider the bilinear form 

3 3 3 

F = 2 2 aif^iTu = 2 atfiiTii — + 

+ «2352'»l8 + (1.2.1) 

"F "f" %2^s'*l2 "1" 

which depends linearly on the components of two vectors 

p = (^i.52.y 

and 


Q == (’ll. fit. fit)- 

It will now be postulated that the coefficients of this form vary for 
transformation of coordinates in such a way that the form F remains 
invariant. Under this condition it will be said that the set of quantities 
«<>, depending on the two indices *, j, represents a tensor of second ord^ 
(since there are two indices) ; «« are call^ the components of this tensor 
(with respect to a given system of axes). This tensor will be denoted by 
the symbol (a^). 

On the basis of this definition, the transformation law of the tensor 
components is easily found. Let a^, be the components of the tensor 
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«« and of the vectors P,Q m the new coordinate S 3 rstem. By definitibn, 

'■C, , ' ' 

3 3 

i./-l 

Substituting on the right-hand side the expressions 

8 , s , 

= S Y)«, = S 

1-1 1-1 

one finds 

^ ^ ^ hlJ’tnAlcmy 

whence, comparing the coefficients of the products 

^ * 

^ij = 2 ( 1 * 2 . 2 ) 

This is the required transformation formula. 

A second order tensor is called symmeiric, if Ufj = a,*. It is easily 
seen from (1.2.2) that this property of sjmimetry is retained during 
coordinate transformations. 

In the case of a symmetrical tensor, one may use for its definition, 
instead of the bilinear form (1.2.1), the quadratic form 2f2(5i, 
which is obtained from F by putting = fit- In this way one obtaiii-s 
the definition, given in § 5 of the main part of this book. The transfor- 
mation formulae for the components of the stress tensor, given in §5, 
coincide with the formulae (1.2.2), if the last are rewritten in the notation 
of that section. 

The simplest symmetrical tensor is the tensor (8,y), defined by 


{ 1 for i ~ j, 
0 for i # j. 


(1.2.3) 


It is easily seen that (8«) is a tensor, since 

3 

S = Sitji -f Sa'*)* + 

u-i 

*>► 

is obviously invariant (as it is the scalar product of the vectors P and 0. 
The tensor (8«) is called the unit tensor. 

A tensor is called anti-symmetrical, if «« « — Since, in particular, 
one must then have «« — — n«, in an anti-synunetrical tensor 
«j, = as «„ s= 0. Thus, an anti-iqnmmebical tensor is characterized 
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by three quantities p^ such that 

pi^ ~ ^8 “= <*i» = — «8i. Pt~ Oti — — «!,. 

It is easily seen from (1.2.2) that the property of anti-symmetry is 
retained during transformation of coordinates. 

3. Two tensors («„) and (6,^) are said to be equal, if a« = 6y. The 
tensor (c«) whose components are equal to the sums of the components 
of two given tensors 

Cii = ttii - 1 - bij 

is called the sum of the tensors (a„) and (6„). It follows from 
3 3s 

i,i—l i,f-l i,f-l 

that (Cj^) is a tensor. Since the terms on the right-hand side are invariant, 
the left-hand side is also invariant, and this proves the tensorial character 
of the set of quantities The difference of two tensors may be defined 
in an analogous manner. 

If {Uij) is a tensor, the quantities likewise determine some 

tensor (aj); this result follows likewise directly from the definition of 
a tensor. 

Every tensor (a<^) may (in a unique manner) be decomposed into 
the sum of a symmetric tensor (e^^) and of an anti-symmetric tensor 
iPu)- In fact, let -|- p^. Interchanging the indices i, j and noting 

that, by supposition, e^f — ej{, p^ = — pn, one finds Ua — — pn. 

In combination with the preceding equation, one finds 

^ii — + <*«). Pa — — ^ii)- (I’3-l) 

It is readily verified that the tensors (6^) and {pn) satisfy the imposed 
conditions. 

Several examples of tensors will now be presented. 

Let («,) and (&<) be two vectors. Write Cij = Uib^. The set of the quanti- 
fies {Cif) is a tensor. In fact, let ($<), (%) be two arbitrary vectors. One 
has 

8 3 3 3 

S — S S bfVif. 

t.fml i.f-1 i-l I-l 

The right-hand side is invariant (as product of two invariant quantities). 
Hence also the left-hand side is invariant, and this jaroves the assertion. 
It is known that (eg), where = is likewise a tensor. 
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Hence, if one writes 

Pu ~ ~ (1.3.2) 

then is also a tensor which is obviously anti-s 3 ntnmetrical. 

This tensor is called the vector product of the two given vectors. In vector 
analysis, the vector product is considered as a vector, and not as a tensor. 
In order to elucidate this, consider the following. Let 

Pi— — p2 — Pxi 

Pz = Pzi <*i^>a o-Jii- /(1. 3.3) 

It will be investigated whether the set of quantities {p^, p^, is a 
vector. For this purpose the criterion, formulated earlier, will be applied, 
i.e., an arbitrary vector ^ 2 . ^s) "'hi he introduced and it will be verified 
whether 

P'^l + P^i + P^s 

is invariant. Obviously, one has 

^a ^3 

p-J^l "t" P^Z “I" P^z ^1 *2 ^3 ( ^ .3.4) 

^a ^8 

However, it is known from analytic geometry that this determinant 
represents the volume of the parallelepiped, constructed on the vectors 
(5<), (a<), (J<); the sign of this volume depends on the orientation of the 
coordinate axes; the volume changes sign as one changes from a left- 
handed system of axes to a right-handed one. The sign will not vary 
otherwise. Thus, the expression (1.3.4) will be invariant, if one uses 
consistently a right-handed or a left-handed system, and in that case the 
quantities p^, p^, p^ may be considered as representing a vector which 
does not depend on the choice of coordinate axes. 

It is easily shown that for transition from right-handed to left-handed S 3 retenis 
or conversely the vector {pi,pt,p^, defined by (1.3.2) and (1.3.3), inverts its 
direction. 

Finally, it will be shown that, when the above-mentioned restriction 
of the choice of coordinate axes is imposed, every anti-symmetrical 
second order tensor may be represented as a vector (having all the time 
in mind three-dimensional space, since otherwise this assertion is not 
true). In fact, let (^o) be any anti-s 3 nnmetric second order tensor. 
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Construct the sum 


^ PiAi'fii — — + ^*^^2 + ^ 8 ^ 2 ) < («) 

where (5<), (t),) are two arbitrary vectors and where 

Pi ~ P%2 ~ Pia> P% ~ PiA ~ Piv Pi ~ Pti — Pit> 

Kl ~ ^8’*'l8» ^2 ~ ^3^1 ^8 ~ ^i'* 38 — 5a*3i* (1.3.5) 

However, by the statements above, (t|i, ^j, is a vector. On the other 
hand, the left-hand side of (a) is invariant. Hence, also the right-hand 
side is invariant and (^i, Q is an arbitrary vector. This means that 
iPu Pz> Pa) a vector, and the proposition is proved. 

4. The concept of a tensor of any order n may be introduced in an 
analogous manner. For this purpose it is sufficient to consider, instead of 
a bi-linear form, an «-linear form depending linearly on the components 
of n arbitrary vectors. 

For example, the set of coefficients a,,* of the tri-linear form 

F== I E I 

i^l Jt=l 

where C<. fii, Kk are the components of three arbitrary vectors, determines 
the third order tensor {ciif^ with components In the same manner one 
may define a tensor of order n. From this point of view, a vector must be 
interpreted as a first order tensor, defined by the help of the linear form 

5. Consider again the second order tensor Let (5<) be some vector 
and construct the expression 


^ (1.5.1) 

/-I 


It is easily shown that (^) = (S*, 5*, 5*) is a vector. In fact, let (»)/) 
be an arbitrary vector. Then 

i-1 i,i-l 


is invariant, because the right-hand side is invariant on the basis of Hie 
definition of a tensor. 

It is obvious that also conversely, if 5*, 5f, defined by (1.5.1), 
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where 5i, Sj are the components of ^ arbitraxy vector, are the com- 
ponents of a vector, then are the components of a tensor. 

Thus the relation (1.5.1) relates to every vector (50 a completdy 
defined vector (5f). For this reason the vector (5}“) is called the linear 
vector function of the vector (5<), determined by the tensor (««). 

An example of such a vector function has been encountered in the 
main part of this book. In fact, the relations (3.2) show that the stress 
vector [X^, y„, Z„), acting on the plane with normal «, is a linear vector 

function of the vector «, determined by the stress tensor. In this c^e, n 
denotes a vector of unit length which has the direction of the normU n. 

The case where the tensor (a<^) is symmetrical, i.e., where a^, 
is of particular interest. It will now be studied in detail. For this purpose 
introduce the quadratic form 


<.i-i 

= <*11^1 + ^*2^1 + ^83^3 "b 


(1.5.2) 


In this case one may rewrite (1.5.1) 


ao 




(1^.3) 


The following important proposition will now be proved: By a suitable 
choice of new coordinate axes (i.e., rectilinear, orthogonal) Oxj, 0 x 2 , Ox^, 
every quadratic form 2Q may he reduced to its canonical form 

2Q = (1-5.4) 


where Xj, X 2 , Xj are real constants {where it has been assumed that a^ are 
real). This proposition is equivalent to the following one. By a suitable 
choice of coordinate axes, it may be ensured that the new components 
a^f of any symmetrical tensor (««) , having different indices, vanish, i.e. , that 

®23 ~ *31 ~ *18 ~ ® 

(while the remaining, i.e., the “diagonal”, components 

Ui\ — Xj, <*22 — *33 — ^ 


will, in general, be different from zero). 

If the form has the stated canonical form, the relations (1.5.3) in 
the new coordinate systan will reduce to the following: 


(1.5.5) 
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These relations show that, if the vector (^') is directed aJ^ig one of 
new coordinate axes, the corresponding vector ( 5 ,'*) will be paralld. to it. 
For example, the vector ($('), parallel to the axis Ox^, has the components 
Zi. 0, 0 for # 0 . Its corresponding vector (^*) has the components 
hCo,o. 

Hence, in order to reduce the form iSQ to the required type, one has 
first of all to find the directions with the above stated property. Thus 
there arises the following problem concerning the relations (1.5.1): To 
what direction of the finite vector corresponds a vector (^) with 
the same direction? In order that the vectors (5.) and (^) will be parallel, 
it is known to be necessary and sufficient that 

where X is some parameter. Introducing here the expressions (1.5.1) 
for one obtains the system of equations 

(*11 “H * 1 * 5 * + <* 18^8 ~ 0 , 

* 81?1 4 " (*22 ^)^2 “ t " ^ 2 a ?8 ~ ( 1 . 5 . 6 ) 

®S 1^1 4" 4“ (*ss — ^)58 ~ 

This system of linear homogeneous equations in 5i. 52 . 5$ admits 

m-zero solutions if, and only if, its determinant is equal to zero, i.e., 

*13 

a«,-X 0. (1.5.7) 

*81 

This equation is a third order polynomial in X. It will be shown below 
that all its roots are real. At the moment it will only be noted that this 
equation has at least one real root, since it is a polynomial of odd degree., 
This root will be denoted by Xs. 

If one substitutes in (1.5.6) for X the value X 3 , this system will give 
a solution for which not all 5* are simultaneously zero. Let 5®, $ 2 . ^ 
one such solution. The vector (5?) determines such a direction that for 
any vector (1^), parallel to it, its corresponding vector (^) win likewise 
be in the same direction. 

Every such direction is called a principal iirecHon, corresponding to the 
tensor (<i«). 
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The new system of axes Ox^, Oxl, Ox^ will now be chosen such that the 
axis 0*8 has the principal direction, found above. The two other axes 
(perpendicular to this direction and between themselves) remain for 
the time being arbitrary. 

The components of tensors and vectors in the new system will be 
denoted by the same sjnnbols as before, but with two accents. In the new 
system the equations (1.5.6), which may be written 

Vt = 

take then the form 

K* = 

where 

thus, written explicitly, one finds 

(4, -X)^:+ aUC2 + a;,^; =0. 

® 21^1 " i " (®22 — ^)^2 " i ” ^ 23^3 ~ 

«3l5l + < 2^2 + (43 - = 0. 

When X = Xg, these equations must have the solution (0, 0, ^ 3 ) for 
^3 0. Hence 

*13 — *23 — *33 — ^3> 

so that the quadratic form 2 f 2 becomes in the new system 

2« = *nC + 2a;,CX2 + *224" + U?- ( ‘ -S-S) 

In order to. reduce 2£2 to the required type, it is sufficient to rotate 
the axes C> 4 > ^4 i" plane, leaving Oxg unchanged, so that the 
term with the product ^,4 in (1.5.8) vanishes. This may always be 
done. In fact, let the new axes be Oxj, Ox^, Oxg and let Oxj make an 
angle a with Oxi. Then 

4 = ^1 * — ^2 sin a, sin a + ^ cos «, 4 = Sa- 

Substituting these expressions in (1.5.8.), one obtains 

2Q = + * 22 ^ 2 * + (1.5.9) 

where, in particular, 

Hjj ~ — ( 4 i — * 22 ) sin a cos « + (®os* * “ sin* *) = 

=» — 1(41 — « 2 s) sin 2« -f- 4s 
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Hence alg as 0 for 


tan 2« = 


2«i3 

*11 ~ *22 


If «o is an angle which satisfies this condition, then 


as well as aU angles 


“o 


7t 

^2 



(I.S.10) 


will satisfy it, where k is an integer. Thus, two mutually perpendicular 
directions have been found which satisfy the required conditions (both 
of these being perpendicular to Ox^, which coincides with Oxg); only 
for = 0 and = «22 there be an infinite number of such direc- 
tions, in which case = 0 for all values of a. Choosing one of the axes 
for 0x[ (and its perpendicular for Oxg), the form 2Q is reduced to the 
required type (1.5.4), where X^, Xj, Xj are real numbers. One has thus not 
only proved the possibility of the stated reduction, but also deduced an 
effective method for its execution and for the determination of the 
directions of the corresponding new axes. 

It is known that X3 is one of the roots of (1.5.7). It will now be shown 
that Xj, Xg are the two other roots of the same equation. For this purpose 
it will first be noted that the determinant 


^11 

^12 

^18 


«22 

^28 


^32 

^38 


(1.5.11) 


is invariant, i.e., that it does not change for transformation of coordinates 
(this determinant is called the discriminant of the quadratic form 2£1). 
In fact, for transition to new axes Ox[, Oxg, Ox'g, this determinant becomes 


*11 *12 *13 


Dn ®21 


*22 


*23 


*31 


*82 *33 


Where, by (1.2.2), 
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with 

On the basis of the well known theorem on multiplication of deter- 
minants, one has 


bn 

bxz 

ftis 


^11 

^18 


6*1 

^22 

^23 

, where A = 


^.2 


6*1 

6** 

^88 


/ai 


^88 


On the basis of the same theorem 


bn 

bi2 

^13 



«12 

^13 

6*1 

^28 

^28 

= A. 


«** 

^28 

6*1 

^82 

^33 


^31 

<*** 

^83 


Hence = A^Dj. However, on the basis of well known properties of 
the direction cosines /</, A = ± 1 , whence it follows that Oq = D^, 
as was to be proved. 

Next consider the tensor with the components .d** = — XS**, 

where X is an arbitrary number and (8«) the unit tensor. The deter- 


minant of the components of 

the tensor (A 

*'*) 

«u - 

- X ai2 

♦13 

Dy = a*i 

^22 X 

^23 

*81 

♦32 

♦83 


will, on the basis of the earlier statements, not depend on the choice 
of coordinates, i.e., D-^ is invariant. 

Now choose new axes Ox[, Ox^, Ox'g in such a way that the new com- 
ponents of the tensor («(*), which have different indices, are equal 
to zero, so that the quadratic form 2Q is of the type 

^1^1* “H ^$2* "h ~ 

The determinant for this new system of axes will be 
Xi - X 0 0 

0 ^ ”” ^ 0 

0 0 X, - X 


(Xi - X) ,(X, - X) (X. - X). 
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Hence one has the identity 


— k 

^18 

«13 


= On 

^28 ^ ^ 

^88 

II 

1 

1 

r 

i 

^81 

8 

e 

*88 



and it is seen that the real numbers X^, Xj, X, are the roots of the equation 

= 0 . 

Thus, in passing, the important theorem of algebra has been proved 
by which all the roots of ( 1 .5.7) , which is called the characteristic equation, 
are real (under the essential supposition that are real and, in addition. 

Now the linear vector function, defined by (1.5.1), will be considered, 
retaining the supposition It has been seen that one may always 

find at least one triad of mutually p>erpendicular principal directions and 
that, if the coordinate axes are given these directions, the form 2a be- 
comes 

while the relations (1.5.1) have the form 

~ 5? = 5s = (1.5.12) 

(where now the accents have been omitted). 

Next, the question will be discussed whether there are any principal 
directions other than the three, found above. If (^i, ^) is a vector, 

parallel to any principal direction, then, by definition, the vector (5f ) 
must be parallel to the vector (^y), i.e.. 

S? = x5x, = 5?==x5s. 

Substituting from (1.5.12), one finds 

(X, -X)5i = 0. (X, -X)5, = 0. (X8-X)5, = 0, (1.5.13) 

whence it follows that X can only have one of the three values X^, X,, X* 
(otherwise one would have to have 5i == 5* == 5$ — 0). 

First suppose that Xj, X,, X, are all different. Substituting X = Xj in 
(1.5.13), it is seen that these equations are only satisfied by the followup 
values: an arbitrary quantity, 5» = Ss == 0- Thus the vector, 

corresponding to X =» Xj, is parallel to the axis this gives one of the 
possit^ principal directions (which is already known). In an ahalogous ' 
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manlier it is verified that the values X = Xg, X = X, correspond to the 
directions of the axes Ox^, 0«,. 

Thus, if the three roots of (1.5.7) are different, there are only three 
principal directions which are mutually perpendicular. 

Now let Xi = Xg Xg. In that case one obtains again for X = Xg 
only one direction, namely the direction of Oxg. However, for X = X^ = Xg, 
the solution of (1.5.13) will be: ^ arbitrary, ^g arbitrary, ^g = 0. Thus 
all directions perpendicular to the axis Ox^ (and only these directions) 
will be principal directions, corresponding to this value of X. One may 
always select among these directions an infinite number of p^s of 
mutually perpendicular directions (which will also be perpendicmar to 
the axis Ox^). n 

Finally, it is obvious that, if Xi = X 2 = Xg, then the equations (1;.'5.13) 
will be satisfied for X = Xj = Xg = Xg by any values of ^g, 4? In 
other words, in this case any direction is a principal direction. 
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ON THE DETERMINATION OF FUNCTIONS FROM THEIR 
PERFECT DIFFERENTIALS IN MULTIPLY CONNECTED 

REGIONS 


1. The case of two dimensions will be considered first. Let S denote 
some region of the Oxy plane. Only such connected regions which are 
bounded by one or several simple contours will be studied. Such regions 
may also be infinite (infinite plane with holes), but, for the^presait, 
consideration will be restricted to finite regions. 

A region is called connected, if any two points in it may be joined by a simple 
line which does not leave the region. A contour is called simple, if it does not 
intersect itself. 


A region S is said to be simply connected, if any cut joining any two 
points of its boundary disturbs its connectivity, i.e., divides it into separate 


regions. 

A region is said to be 
multiply connected, if cuts 
linking points of the bounda- 
ry may be introduced with- 
out dividing it into indi- 
vidual parts. 

It is readily seen that a 
region, bounded by one 
simple contour, is simply 
connected. In contrast, a 
region, bounded by several 
simple contours, is multiply 
connected. In fact, let the 



boundary of a region con- ^ 

sist of the contours ij, Ij, .. . 

the last of which contains all the others inside it (Fig. 64). If 
the region is cut along any line connecting a point Uj of £i with a pomt : 
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hi of the enter contour such a cut does not affect the connectivity of 

the region. 

If, in addition to similar cuts aj>^, are introduced, 

which do not intersect one another, the connectivity is stiU not disturbed; 
however, as is easily seen, any further cut will affect the connectivity of 
the region. Thus, the m cuts Ujii, .... ajb^ make the region under 
consideration simply connected. 

If m cuts are required to convert a given region into a simply connected 
one, it will be said that the region is (w + l)-ply connected or that its 
connectivity is equal to (»t + 1). j 

It is seen that in this way the connectivity of a region is equal to 
the number of contours bounding it. For example, the region bfetween 
two concentric circles is doubly connected. \ 

A simply connected region differs from a doubly connected one in that 
it has the following property. If one draws inside the simply connected 
region a simple contour, the region inside this contour belongs entirely 
to S; this contour may be shrunk into a point by means of continuous 
deformations during which it remains always in S. 

In the case of multiply connected regions, there exist contours which 
do not have this property. For example, in Fig. 64, is one such contour ; 
it is impossible to contract it into one point without cutting it or without 
the contour leaving S. 

2. Let there be given the differential 

P(x. y)dx + Q(x, y)dy, (2.2.1) 

where P{x,y) and Q{x,y) are single-valued and continuous functions 
with continuous first order derivatives in some region S. The following 
question will be asked: What conditions must be satisfied by the functions 
P, Q, in order that (2.2.1) should be a perfect differential of some single- 
valued function F{x, y), i.e., in order that there should exist a function 
F(x,y) such that 

dF = Pdx + Qdy (2.2.2) 

or, what amounts to the same thing, that 

Althotigh this problem is studied in all, even elementary textbooks 
on calculus, it has nevertheless been considered necessary to dwell on 
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it here, in order to draw the reader’s attention to certain circumstances 
which are very essential for the purpose of this book. 

First, suppose that the region S is simply connected. Inside S select 
some fixed point y^) and connect it with the variable point M{x, y) 
by an arbitrary line M^M which does not leave S. If the function F{x, y), 
satisfying (2.2.2), exists, one obtains by integrating both sides along 

F{x, y)^ j (Pdx + Qdy) + C, (2.2.3) 

MoM 

where C — F(x^, y^ is a constant. 

By supposition, F(x,y) is a single- valued function of x,y; hence its 
value at the point M(x, y) must only depend on the position of M and not 
on the path of integration M^. Thus, if F{x, y) exists, the line itdegrcd 

j {Pdx + Qdy) 

MnM 

cannot depend on the path of integration (which lies, of course, in the region 
S). This condition may be formulated as follows: The integral 

{Pdx + Qdy) 


taken along any contour L (entirely inside S) must be equal to zero. In 


fact, by linking any two points A and B of some 
contour L with the points and M respect- 
ively (Fig. 65), one has, by supposition, 

/ - / =- 
MoAVBM MaADBM 

however, since the integrals along and BM 
in both terms are equal, one must have 




/M 


ABB AD’B 



as was to be proved. 

Theory of Blasticity 


Fig. 65. 


43 
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On the basis of Green’s formula, 

+ (Z2.4) 


where a denotes the region, bounded by the contour L. If follows from the 
above that the integral on the right-hand side must vanish for every part 
o of the region S. Thus the integrand must be zero at each point of S, i.e. , 
one must have 


8Q dP 
dx dy 


((2.2.5) 


throughout S. As has just been seen, (2.2.5) is the necessary condition for 
the existence of the function F(x, y). It may also be proved thai it is 
sufficient. ^ 

In fact, if this condition is satisfied, the line integral 

j {Pdx -1- Qdy) 


does not depend on the path of integration, but only on the starting and 
end points of this path. This follows directly from the above : If A and B 
are any points of S, and ADB, AD'B are any two paths connecting these 
two points, then 

/=/• 

ADB AD'B 

because (Fig. 65). 

/-/ = /• 

ADB AD'B 

and the last integral is zero by (2.2.4) and (2.2.5). For this purpose it 
has been assumed that the lines ADB and AD'B do not intersect each 
other, so that they form a simple contour. However, it is readily verified 
that this condition is not essential ; if these lines intCTsect at one or several 
points, the difference of the integrals along these paths may be reduced 
to the sum of integrals along tvro or several contours. 

In particular, the intc^;ral on the right-hand side of (2.2.3) repr^ents, 
for a fixed point Afo(a%, y^, a single-valued function of x and y, and hence 
(2.2.3) determines the single-valued function F{x,y), pitovitM ^ 
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given an arbitrary (constant) value. Further, it is readily verified that 
(2.2.2') actually holds true. 

In fact,^ extending the path of integration in (2.2.3) by the strai^t 
seginent parallel to Ox, to the point M'{x + Ax, y), one Obviouidy 
finds 

«+Aaj 

F{x + Ax, y) = F(x, y) + f P{x, y)dx, 


whence 


~ = lim + Ax) - F{x) 
dx A*->o Aa; 




= Urn ~— 
A.^ 



y)dx == P(x, y), 


i.e., one obtains the first relation (2.2.2'); the second relatiofl may 
be proved in the same manner. 

It has thus been seen that the condition (2.2.5) is necessary and suf- 
ficient for the existence of the single-valued function F(x, y), satisfying 
the conditions (2.2.2) or (2.2.2'). If these conditions are satisfied, the 
function F(x, y) will be determined by (2.2.3), apart from the constant C 
which is quite arbitrary. 

Hitherto, it has been assumed that the region S is simply connected. 
Next consider what supplementary conditions are required in the ct^e of 
mtiltiply connected regions. 

ITie condition (2.2.5) is also in this case necessary; its deduction differs 
in no way from that for the case of a simply coimected region. One has 
only to select for the application of (2.2.4) such a contour L that the region 
<T, bounded by it, lies entirely in S (this condition will be automatically 
satisfied in the case of a simply connected region). The question of the 
sufficiency of this condition will now be invest^ated. It will be proved 
that in the present case this condition secures the existence of the function 
F{x,y), defined by (2.2.3), b«t that this function wiU, in general, be 
multi-valued. 

A beginning will be made with the following remark. Let the region S 
be cut along 

• • • > 

as indicated in the preceding section ; one thus obtains a amply connected 
region which will be denoted by S*. 

It should be understood that two edges of the cut region adjoin to 
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each U&e so that every point of this line must be considered as 
two points belonging to the one or the other of the corresponding edf^. 
Hence a distinction mu^ be made between the two edges at each cut which 
will be denoted by (+) and (— ). 

Since the region S* is simply coimected, the function F(x, y), defined 
by (2.2.3) where the path of integration must not go outside S*, i.e., 
must not intersect a cut, will be single-valued in S* on the basis of the 
earlier results. 

However, this does not mean that at points, lying on different edges 
of the same cut, the values of the function F will be identical (pecause 
these points must be conceived as different points of S*). For e^mple, 
select any point A of the cut «],6i and denote by F+, F~ the values of 
F at the points A+, A~ of the edges (-f-) and (— ) which coincide )at the 
geometrical point A. By (2.2.3), 

F- = y (Pdx -h Qdy) + C. F+ = j {Pdx + Qdy) C, 

MaA* 

where the first integral is taken along any line M^~, lying in S* and 
going from Mq to the point A, approaching it from the side (— ); the 
second integral is taken along a path Afod+, likewise beginning from M^, 
but approaching A from the positive side (-f) [Fig. 64, where the point 
Affl and the paths of integration are not shown]. As path of integration 
for the second integral one may take the path of integration M^~ 
of the first integral supplementing it by the line L[ which surrounds 
the contour Lj once and leads from the edge ( — ) to the edge (-1-) without 
leaving the cut region S*. Thus 

j + j -(-C = F--f/a, 

whore 

A= J {Pdx + Qdy) 

w 

and Lj is a simple contour, going in S* from the edge (— ) to the edge 
(4-) of the cut without intersecting another cut (Fig. 64). This 
contour intersects the cut aibi, creasing from the side (+) to the side (— )■ 
It is readily seen that Ji does not depend on the choice of the contour 
L'l which is to surround the contour Li only once, going in S* from the 
edge (— ) to the edge (-f) of aj,6|. 
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In fact, let Li be another such contour which intersects at soihe 
point S. Consider the contour which does not leave S* and uiiich consists 
of the segment AB of the positive edge of the cut. of the path IT taken 
in the negative direction [i.e., in 5* from the edge (+) to the edge <-)], 
of the segment BA of the negative side of the cut and, finally, of the 
contour Lj, On has 

J (Pdx + Qdy) = 0, 

where the integral is taken along the above-stated closed path in S*. 
hurther, since the integrals along AB and BA cancel each other, one has 

- J (Pdx + Qdy) + j (Pdx -H Qdy) = 0. 

Li » 

and this proves the assertion (the first integral has here been given a 
minus sign, assuming to denote the path in the positive direction). 
Similarly, one obtains for any cut ajbt that 

F+ = F- + 7,. 

where 

/,. = \ (Pdz -h Qdy) (2.2.6) 

and is any contour, surrounding and only intersecting the one cot 
a^b^. in the direction from the side (-f) to the side (— ). 

The integral (2.2.6) may, in particular, be taken along the boundary 
Lt itself, provided the functions P, Q are continuous up to the boundaries. 

The nature of the function F(jt,y), defined by (2.2.3), is easily seen, if one 
considers it as defined in the uncut region, i.e., if one allows the path of 
integration to intersect the cuts. 

Let F^(x, y) denote the value given by (2.2.3) in the cut region, i.e., 
when the path of integration does not intersect a cut. Consider the 
arbitrary path of integration MqM (Fig. 66) ; let it intersect the cuts 
in, say, n points. Follow the path of integration from the point to 
the first intersection with one of the cuts On the subsequent part of 
the path M^M, which lies between the first and second encounter with 
a cut, select two consecutive points A and B and replace the segment 
AB by the line AM^ which goes from A to Mg and returns to B without 
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intersecting a cut. This procedure does not, of course, alter the valne 
of the integral (because the new segments belong to the cut region). The 
original pa^ from Mg to M is thus replaced by the contour which 

surrounds the contour L), once, and the 
path M^M, which now intersects the 
cuts in only n — 1 , and not n points. 
The integral taken along the contour 
is, by (2.2.6), equal to + 
or — /fc, depending on whether its path 
of integration intersects the cat 
from the edge (-f-) to the edgeV— ) or 
in the opposite direction. Thu^, one 
may omit from the (modified) pi^th of 
integration the closed part M^Afo 
under the condition that a term dt Jk 
be added to the final result. 

Proceeding in the same manner, one may reduce the path of integration 
to one which does not intersect any cuts. The integral, taken along this 
path, must then be combined with the quantities ± /»; each of these 
terms must be added according to the number of times which the original 
path of integration intersects the corresponding cut; the sign (+) will 
apply, if the cut is crossed from the side (+) to the side (— ), while the 
sign (— ) must be taken in the opposite case. 

Since the path of integration which does not intersect cuts gives the 
value Fq(x, y), the final result may be written in the following form: 

F(x, y) = Fq{x, y) + j + WfJ j 4* • • • 4“ (2.2.7) 

where %, are integers which are positive or negative and which 

are easily calculated, on the basis of the above results, as the number of 
intersections of the path M^M with the cuts (where accoimt must be 
taken of the directions of intersection). For example, in the case of 
Fig. 66., 

F{x, y) = F^{x, y) 4- /» 4-7 1 - 

In order that the function F{x, y) will be single-valued, it is necessary 
and sufficient that together with (2.2.5) the following condition be 
satisfied: 

/i “ ~ /*» “* ^* 

The above results will likewise ap|dy to the case, where fije contour 
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'^m+i is entirely at infinity, so that the S becon^. the infuuie 

0ane with hdes. 

3i Quite analogous results will apply in the case of ifiwe dtmemiom. 
In this case a distinction must also be made between simply and multij^y 
connected three-dimensional regions (bodies). A r^on will be said to be 
sintpVy connected, if it has the property that every closed line inside it 
may be shrunk into one point by means of continuous deformation 
during which it does not leave the region (e.g. sphere, cube). Otherwise a 
region will be multiply connected. As examples of multiply connected 
regions, one may quote the torus (i.e., the body, obtained by rotating a 
circle about an axis in its plane, but not intersecting it) or a cube with 
one or more holes, drilled through it, etc. 

The torus is doubly connected, because it may be made simply con- 
nected by the help of a single cut ; however, in contrast to the> case of 
two dimensions, the cut will now not be a line, but a surface. 

In general, a body will be (w -f- l)-ply connected, if it may be made 
simply connected by the help of m cuts. Attention is drawn to the fact 
that a body, bounded by one closed surface, is not necessarily simply 
connected (e.g. : torus) ; in contrast, a body may be bounded by sever^ 
closed smfaces and it may still be simply connected (e.g. the region 
between two concentric spheres). 

Let there be given the differential expression 

P(x, y, z)dx + Q{x, y, z)dy -H R{x, y, z)dz, (2.3. 1) 

where P, Q, R are single-valued and continuous functions which have! 
continuous first order derivatives in some simply connected region V. 

As in the case of two dimensions, it may be shown that for the existence 
of a single- valued function F{x, y, z), satisfying the condition 

dF — Pdx Qdy Rdz, (2.3.2) 

it is neccesary and sufficient that 

J {Pdx + Qdy Rdz) == 0. (2.3.3) 

where L is any contour in the region V. Under this condition, the function , 
P{x, y, z) will be determined by the formula 

P(flp, y,z) — j {Pdx -1- Qdy + Rdz) -1-C, (2.3.4) 
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where C is an arbitrary constant and the inti^;ral is taken along any 
path (in V) which links the fixed point with the variable point 
M{x, y, z). 

The condition (2.3.3) will now be transformed. For this purpose the 
well known Stokes formula will be recalled 


j{Pdx + Qdy + Rdz) = j “ ■^) cos («, x) + 

A o 

/dP dR\ / dO dP\ 1 ( 

+ (&■ (“-S) 


where « is any (open) surface (inside V) with the boundary L and « is 
the normal to c in a definite direction. Applying (2.3.5) to (?.3.3|, one 
finds 


t 



dz . 


I cos («, x) + 


/0P 

\ aT 


+ 


_ 

\dx 


dR\ 

Jx'J 


■ ; cos (n, y) + 

(«.2)}d(T = 0: (2.3.6) 


) cos I 


this condition must be fulfilled for any surface a (in V). Selecting for o 
any plane, normal to the axis Ox, one obtains, in particular. 




dz — 0, 


whence (in view of the arbitrariness of the plane c) one arrives at the 
first of the following formulae: 

8R _dQ 8P _ dR dQ _ dP 
By ~dz ' dz dx* dx ^ 

(the remaining two being obtained by cyclic interchange of symbols). 

Conversdy, the conditions (2.3.7) are obviously sufficient for the 
truth of (2.3.3) and, hence, for the existence of the single-valued function 
F{x, y, z), determined by (2.3.4). 

In the case of multiply connected regions, if (2.3.7) is satisfied, the 
function F(x,y, z) determined by (2.3.4) may be multi-vahied. In fact, 
reasoning as in the case of two dimensions, one may establu^ the fol- 
lowing result. If one has introduced m cuts (partitions) which convert 
the given (« -f l)-ply connected r^on into a simply connected one and 
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toction, defined by (2.3.4) tinder the condittei 
that the path of int^tion does not intersect these partitions, then one 
will have for an arbitrary path of integration 

y. r) = F,(a!, y. r) + >h7, + » J, + . . . + (2.3.8) 

where %, . n are integers and are constants, cor- 

responding to integrals taken along closed paths. In fact. 


J (2.3.9) 

Lk 

where is the ^ple contour which intersects only the cut k from its 
side (+ ) to the side (-). The numbers are defined in the same way 
as m the case of two dimensions. 

In order that the function F will be single-valued, it is necessary and 
sufficient that, in addition to (2.3.7), the following conditions be sa- 


/i 72 — ... — /„ = 0. 


(2.3,10) 
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DETERMINATION OF A FUNCTION OF A COMPLEX VARIABLE 
FROM- ITS REAL PART. INDEFINITE INTEGRALS OF 
HOLOMORPHIC FUNCTIONS 


1. Let 

p{x,y)^iq{x,y)=-i{z) 

be a function of the complex variable z = x-\- iy which is holomorphic 
in som5 region S of the z plane. Under these circumstances, the real 
and imaginary parts f and q are known to be related by the Cauchy- 
Riemann conditions 

X (3.1.2) 

dx By dy dx ^ ’ 

Conversely, it is known from complex function theory that, if two 
single-valued real functions p and q which have continuous first order 
derivatives are related by the equations (3.1,2), then p -f iq is a holo- 
morphic function of the variable 2 in a given region. 

It is known that holomorphic functions have derivatives of any order (and, 
further, may be developed into Taylor series in the neighbourhood of any point). 
Hence the functions p, q also possess this property. 

The function q, related to a given function p by the equations (3.1.2), 
is said to be conjugate to p. 

Not every real function p can be the real part of a holomorphic function 
of a complex variable. In fact, differentiating the equations (3.1.2) with 
respect to x and y respectively and adding, one-obtaiiK 


ax* 



0 ; 


(3.1.3) 


hence the function p must be haraionic. In the same namncsr it may 
he s^own that the function q must be harmonic. In t^iiat ^ 

function will be imderstood to be harmomc, if it satisi^^^ ^ 
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region S) the eqi^tion (3.1.3) and if it hhs continuous second wder 
addition, it wiU be assumed that the function f is sin^ 

It is e^y shown that one may determine for any harmonic function 

“■ ^ ^ 

^ dx ^ 

The condition for the existence of the function q in the present case 
reduces to the foUowing (cf. Appendix 2): 


which is satisfied thanks to (3.1.3). Hence the function ? wiU be de- 
termined, apart from an arbitrary constant, by the formula 


qix. y) 


J \ dy 




(3.1.4) 


where Mf^M is an arbitrary path which connects some (arbitrarily) fixed 
point Mg with the variable point M(x, y) and which does not leave, the 
given region S. 

The formula (3.1.4) may be written in a somewhat simpler form. 
Let t denote the tangent to the path of integration (in the direction Af* 
to M) and n the normal towards the right of t (see Fig. 13, § 32), then 

dx — ds. cos {t, x) = — ds, cos («, y), dy = <fs.cos {t, y) = ds.cos («, x), 
where ds is the arc element of the path of integration; hence 


--^ 4 x + .^dy 
0y dx 


{ dp dp 

— cos(«.y)+— cos 




and (3.1.4) may be rewritten 


?(*.y) = j- 


• (is "4“ C. 


(3.1.4') 


This lormtila could have been written down straight away by noting that always 

dq dp 
ds dn" 

This relatima foUou^ directly from the Cauchy-Riemann conditions. 
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Wlien S is simply connected, the function q determined by (3; 1.4) 
or (3.1.4') wili be single-valued and, on the basis of the above statements, 
the function 

f{z) 

will be holomorphic va. S\ it will be determined for a given p apart from a 
Purdy imaginary arbitrary constant Ci. 

In the case of a multiply connected region, the function /(z) = p iq, 
where q is determined by (3.1.4) or (3.1.4'), will be holomorphic in 
every simply connected subregion of 5 (and, in particular, in the cut 
region 5*; see Appendix 2). However, if the only restriction on the path 
of integration is that it must remain in S, the function f{z) ma 3 ^tum 
out to be multi-valued. In fact, for a circuit along a contour surrounding 
one of the contours (using the same notation as in Appendix 2)> the 
functioi\ 5 ' will increase by some constant B^, and hence /(z) undei%oes 
the purely imaginary increase iB^. 

The constants are determined by the formulae 

/(■ 

L'k 

the integrals may be taken along the actual lines L*, provided the partial 
derivatives of p are continuous up to the boundary. 

In order that the function /(z) will be single-valued in the multiply 
connected region S, it is necessary and sufficient that all the constant? 
Bjfe are equal to zero. 

2. In connection with the above, one remark will be made regarding 
the indefinite integral of a function, holomorphic in some region S. By 
the indefinite integral 

I 

will be understood the function 

» 

F(z) = j f{z)dz -1- const., (3.2.1) 

where the integr^ is taken along an arbitrary path which does not 
leave S and connects the arbitrarily fixed point Zq with the variable point 
z and "const.” is an arbitrary (in general, complex) constant. 
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If S is a simply connected region, F{z) will be a single-valued functicm. 
This follows from the fact that, by Cauchy’s theorem, the integral 

/ /(«)&. 

if taken around a contour, is equal to zero, so that 

Z 

j Mdz 


does not depend on the path of integration (cf. the analogous reasoning 
in Appendix 2). 

However, if the region S is multiply connected (assuming that it 
has the form indicated at the beginning of Appendix 2), the function 
F{z) may turn out to be multivalued; in fact, for a circuit wound a 
contour which surrounds Lt once (see Appendix 2), it undergoes 
an increase 

+ = j mdz. (3.2.2) 

L'u 

In general, the integral on the right-hand side of (3.2.2) will be different 
from zero, because the region contained inside does not entirely 
belong to S. The quantity -f does not depend on the choice of 
the contour I^, except that it is to surround once, that it may not 
intersect any other cut beside and that it must be described in a 
definite direction. This may be proved by the same method as the 
analogous result for the function F{x, y), proved in Appendix 2. Reasoning 
as in Appendix 2, it is easily established that the function F{z), defined 
by (3.2.1), may be represented in the form 

F(z) = F^lz) -f ni(ai -f iPi) + • • • + «*»(«« + *^«)» (3.2.3) 

where Fj is a single-valued function, defined in the cut region S*, and 
are int^ers, defined as in Appendix 2. 




